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This  manufacturing  process  development  determined  techniques  for  strip  processing  to 
minimize  high  directional  mechanical  properties  in  three  DC©  titaniim  alloys.  Full- 
scale  strip  processing  production  operations  starting  with  4000  pound  Ti-6ub.-4V, 
Tl-4Al-3Mb-lV  and  Ti-2iAl-l6v  ingots  have  shovm  that  the  Tl-2^Al-l6v  alloy  is  almost 
ideally  suited  to  strip  processing,  developing  negligible  directionality  and  having 
excellent  rolling  and  processing  characteristics.  The  production  of  Tl-2^Al-l6v 
sheet  by  strip  rolling  Instead  of  hand  sheet  processing  will  result  in  greater 
economies  in  production  and  better  gage,  flatness,  and  smrface  finish  control.  VJhlle 
much  information  was  developed  on  strip  processing  the  Ti-6A1-4V  and  Ti-4Al-3Mo-lV 
alloys,  flna^.  directionality  in  these  two  alloys  was  still  higher  than  in  sheet 
product. 

The  approach  taJoen  to  investigate  directionality  control  in  tlteuaium  alloy  strip  was 
to  determine  the  effect  of  empirical  processing  schedules  on  directionality  in  the 
laboratory,  then  to  test  these  laboratory  results  by  full-scale  production  operations, 
the  results  of  which  are  sumaarlzed  above.  The  investigation  of  empirical  processing 
schedules  was  necessary  becavise  insufficient  information  was  available  in  the  litera¬ 
ture  to  base  investigations  on  the  development  of  crystallographic  textures  and  their 
effects  on  directionality.  The  literature  contains  comprehensive  data  on  cold  rolled 
and  annealed  textures  and  deformation  mechanisms  of  unalloyed  hexagonal-close-packed 
alpha  titanium,  but  very  little  information  on  textures  and  deformation  mechanisms 
of  alloyed  tltauilvDa.  Experience  has  shown  that,  in  general,  strip  processed  beta 
titanium  alloys  are  least  directional,  alpha  titanium  alloys  are  most  directional, 
and  combined  alpha-beta  titanium  alloys  are  Intermediate  with  respect  to  directionality. 

Laboratory  investigations  of  twenty  combinations  of  strip  processing  variables 
indicated  that  a  decrease  in  Ti-6A1-4V  strip  directionality  could  be  achieved  by 
increasing  final  cold  reduction  to  the  practical  limit  of  ductility.  However, 
this  finding  was  not  supported  by  full-scale  Ti-6A1”4V  strip  rolling.  Directionality 
of  the  Ti-2iAl-l6v  and  Ti-4Al-3Mo-lV  sdloys  does  not  respond  to  processing  variations 
to  the  same  degree  as  Ti-6A1-4V. 

Rolling  speed,  roll  diameter,  and  strip  tension  appeeurs  to  have  no  effect  on  strip 
directionality.  Aged  T1-6a1-4v  properties  are  unaffected  by  tensile  prestrain  such 
as  may  be  encountered  during  forming  operations. 
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FOREWOBD 


This  Firial  Technical  Engineering  Report  covers  all  work  performed  from  January 
1959  'to  September  I96I,  under  contract  AF33(600) -37938.  Crucible  Steel  Company 
of  America,  Midland  Research  Laboratory.  The  manuscript  was  released  by  the 
author  on  3  January  1962  for  publication  as  an  ASD  Technical  Report. 

This  contract  with  Midland  Research  Laboratory  of  the  Crucible  Steel  Company 
of  America,  Midland,  Pennsylvania  was  initiated  under  ASD  Manufacturing  Methods 
Project  7-673,  "Titanium  Directionality  Program, •  It  was  accomplished  under  the 
technical  direction  of  Hugh  L.  Black  of  the  Basic  Industry  Branch  of  the 
Manufacturing  Technology  Laboratory,  Aeronautical  Systems  Division,  Wright- 
Pat  terson  Air  Force  Base,  Ohio. 

Midland  Research  Laboratory  personnel  are  A.  E,  Leach,  Project  Engineer, 

Dr.  H.  J«  Clark,  Manager,  Midland  Research  Laboratory,  R.  F.  Malone,  Supervisor, 
Mill  Process  Research  Section.  The  entire  project  was  under  the  guidance  of 
Dr.  P.  F.  Darby,  Supervisor  of  the  Mechanical  Metallurgy  Section, 

The  method^' uSed  to  demonstrate  a  process  or  technique  on  a  laboratory  scale  are 
inadequate  for  use  in  production  operations.  The  objective  of  the  Air  Force 
Manufacturing  Methods  Program  is  to  develop,  on  a  timely  basis,  manufacturing 
processes,  techniques  and  equipment  for  use  in  economical  production  of  USAF 
materials  and  components.  This  program  encompasses  the  following  technical  areas: 

Rolled  Sheets,  Forgings,  Extrusions,  Castings,  Fiber  end  Powder  Metallurgy. 
Component  Fabrication,  Joining,  Forming,  Materials  Removal. 

Fuels,  Lubricants,  Ceramics,  Graphites,  Non-metallic  Structural  Materials, 
Solid  State  Devices,  Passiye  Devices,  Thermionic  Devices, 

Your  coonents  are  solicited  on  the  potential  utilization  of  the  information 
contained  herein  as  applied  to  your  present  or  future  production  programs. 
Suggestions  concerning  additional  Manufacturing  Methods  development  required 
on  this  or  other  subjects  will  be  appreciated. 
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PUBLICATION  REVIEW 
This  report  has  been  reviewed  and  is  approved, 

FOR  TriE  COFIMANDER 


J^ACK  R.  MARSH 
]  assist ant  Chief 
Manufacturing  Technology 
Directorate  of  Materials 
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Sheet  at  Room  Temperature  -  Processes  IB  and  IK 

13  Test  Results  on  Solution  Treated  and  Aged  0.040"  Thick 
Ti-6A1-4V  Sheet  at  Room  Temperature  -  Processes  IB  and  IK 

14  Test  Results  on  Annealed  0.040"  Thick  Ti-6Al-4V  Sheet  at 
40QF  -  Processes  IB  and  IK 

15  Test  Results  on  Solution  Treated  and  Aged  0.040"  Thick 
Ti-6Al-4V  Sheet  at  400F  -  Processes  IB  and  IK 

16  Test  Results  on  Annealed  0.040"  Thick  Ti-6A1-4V  Sheet  at 
6OOF  -  Processes  IB  and  IK 

17  Test  Results  on  Solution  Treated  and  Aged  0.040"  Thick 
Ti-6Al-4V  Sheet  at  6OOP  -  Processes  IB  and  IK 
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18  Test  Resxilts  on  Annealed  0.040"  Thick  Ti-6Al-4V  Sheet  at 
800F  -  Processes  IB  and  IK 

19  Test  Resiilts  on  Solution  Treated  and  Aged  0.040"  Thick 
Ti-6A1-4V  Sheet  at  8OOF  -  Processes  IB  and  IK 

20  Test  Results  on  Solution  Treated  0.040"  Thick  Ti-6A1-4V 
Sheet  at  400F,  6OOF  and  8OOF  -  Process  IK 

21  Process  13  -  Effect  of  Rolling  Speed  auid  Roll  Diameter  on 
Ti-6A1-4V  Strip  Directionality 

22  Process  IK  -  Effect  of  Rolling  Speed  and  Roll  Diameter  on 
Ti-6A1-4V  Strip  Directionality 

23  Effect  of  Strip  Tension  on  Ti-6Al-4V  Strip  Directionality 

24  Process  IB  -  Effect  of  Room  Temperature  Prestrain  on  Room 
Temperature  TensiJ.e  Properties  of  Ti-6A1-4V  Strip  Solution 
Treated  20  Minutes  at  ITOQF  and  Water  Quenched 

25  Process  IB  -  Effect  of  Prestrain  at  40QF  on  Room  Temperature 
Tensile  Properties  of  Ti-6A1-4V  Strip  Solution  Treated  20 
Minutes  at  I7OOF  and  Water  Quenched 

26  Process  IB  -  Effect  of  Prestradn  at  'JOOF  on  Room  Temperature 
Tensile  Properties  of  Ti-6Al-4V  Strip  Solution  Treated  20 
Minutes  at  I7OOF  and  Water  Quenched 

27  Process  IB  -  Effect  of  Prestrain  at  lOOQF  on  Room  Temperature 
Tensile  Properties  of  Ti-6Al-4v  Strip  Solution  Treated  20 
Minutes  at  l70aF  auad  Water  Quenched 

28  Process  13  -  Effect  of  Room  Temperature  Prestrain  on  Room 
Temperature  Compression  Properties  of  Ti-6Al-4V  Strip 
Solution  Treated  20  Minutes  at  I7OOF  atnd  Water  Quenched 

29  Process  IK  -  Effect  of  Room  Temperature  Prestrain  on  Room 
Temperature  Tensile  Properties  of  Ti-6A1-4V  Strip  Solution 
Treated  20  Minutes  at  I7OOF  and  Water  Quenched 

30  Process  IK  -  Effect  of  Prestrain  at  400F  on  Room  Temperature 
Tensile  Properties  of  Ti-6Al-4v  Strip  Solution  Treated  20 
Minutes  at  I7OOF  and  Water  Quenched 

31  Process  IK  -  Effect  of  Prestrain  at  7OQF  Room  Temperatiore 
Tensile  Properties  of  T1-6a1-4v  Strip  Solution  Treated  20 
Minutes  at  I7OOP  and  Water  Quenched 

32  Process  IK  -  Effect  of  Prestrain  at  lOOOF  on  Room  Temperature 
Tensile  Properties  of  Ti-6Al-4v  Strip  Solution  Treated  20 
Minutes  at  I7OOF  and  Water  Quenched 
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33  Process  IK  -  Effect  of  Room  Temperature  Prestrain  on  Room 
Temperature  Compression  Properties  of  Ti-6Al-4V  Strip 
Solution  Treated  20  Minutes  at  I7OOF  and  Water  Quenched 

34  Mechanical  Properties  of  0.040"  Ti-4Al-3Jto-lV  Strip  Finished 
with  a  50^  Cold  Reduction  (Heat  R6749) 

35  Mechanical  Properties  of  Mill  Processed  O.8OO"  Thick  Ti-6Al-4V 
Sheet  Bar  (Heats  R8918  and  r8840) 

36  Mechanical  Properties  of  Mill  Processed  O.I5O"  Thick  Ti-6A1-4V 
Hot  Band  (Heat  r8840) 

37  Mechanical  Properties  of  Mill  Processed  Ti-6AL-4v  Strip  (Heat 
R8918)  After  Its  First  Cold  Reduction  to  O.I3I"  Thick 

38  Mechanical  Properties  of  Mill  Processed  Ti-6AI-4V  Strip  (Heat 
R8918)  After  Its  Second  Cold  Reduction  to  O.O97"  Thick 

39  Mechanical  Properties  of  Mill  Processed  Ti-6A1-4V  Strip  (Heat 
R8918)  After  Its  Third  Cold  Reduction  to  O.O77"  Thick 

40  Mechanical  Properties  of  Mill  Processed  Ti-6A1-4V  Strip  (Heat 
R89I8)  After  Its  Fourth  Cold  Reduction  to  O.O5I"  Thick 

41  Compression  Yield  Strength  (0,2^  Offset)  of  Mill  Processed 
Ti-6Al-4v  Strip  (Heat  R89I8)  After  Its  Fourth  Cold  Reduction 
to  0.051"  Thick 

42  40QF  Tensile  Properties  of  Ti-6A1-4V  Strip  (Heat  R89I8)  After 
Its  Foxirth  Cold  Reduction  to  0.05I"  Thick 

43  6OOF  Tensile  Properties  of  Mill  Processed  T1-6a1-4V  Strip 
(Heat  R8918)  After  Its  Foxirth  Cold  Reduction  to  0.05I”  Thick 

44  8OOF  Tensile  Properties  of  Mill  Processed  Ti-6A1-4V  Strip 
(Heat  R8918)  After  Its  Fourth  Cold  Reduction  to  O.O5I"  'Hilck 

45  Pole  Figure  for  Mill  Processed  Ti“6Al-4v  Strip  Alpha  Hiase 
(Heat  R8918  -  Annealed  Condition) 

46  Pole  Figure  for  Mill  Processed  Ti-6Al-4v  Strip  Beta  Hiase 
(Heat  R8918  -  Annealed  Condition) 

47  Mechanical  Properties  of  Mill  Processed  O.8OO"  Thick 
Ti-4Al-3Mo-lV  Sheet  Bar  (Heats  R8853  and  R8865) 

48  Mechanical  Properties  of  Mill  Processed  0.l40"  Thick 
Ti-4Al-3Mo-lV  Hot  Band  (Heat  R8865) 

49  Mechanical  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  First  Cold  Reduction  to  0.110"  Thick 
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50  MechanicaJ.  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  Second  Cold  Reduction  to  O.O78"  Thick 

51  JfechanicaJ.  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  Third  Cold  Reduction  to  O.O57"  Thick 

52  Mechanical  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  Fourth  Cold  Reduction  to  0.034"  Thick 

53  Compression  Yield  Strength  (0.2^  Offset)  of  Mill  Processed 
Ti-4Al-3Mo--lV  Strip  (Heat  R8865)  After  Its  Fourth  Cold 
Reduction  to  0.034"  Thick 

54  400F  Tensile  Properties  of  Mill  Processed  T1-4a1-3Mo-1V  Strip 
(Heat  R8865)  After  Its  Fourth  Cold  Reduction  to  0.034"  Thick 

55  60QF  Tensile  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  Fo\irth  Cold  Reduction  to  0.034"  Thick 

56  8OQF  Tensile  Properties  of  Mill  Processed  Ti-4Al-3Mo-lV  Strip 
(Heat  R8865)  After  Its  Fourth  Cold  Reduction  to  0.034"  Thick 

57  Pole  Figure  for  Mill  Processed  Ti-4Al-3Mo-lV  Strip  Alpha  Phase 
(Heat  R8865  -  Annealed  Condition) 

58  Pole  Figure  for  Mill  Processed  Ti-4Al-3Mo-lV  Strip  Beta  Phase 
(Heat  R8865  -  AnneaJ.ed  Condition) 

59  Mechanical  Properties  of  Mill  Processed  O.80O"  Thick  Ti-22Al-l6v 
Sheet  Bar  (Heats  R8848  and  R8856) 

60  Mechauiical  Properties  of  Mill  Processed  0.140"  Thick  Ti-2gAl-l6v 
Hot  Band  (Heat  r8848) 

61  Mechanical  Properties  of  Mill  Processed  Ti-25Al-l6v  Strip 
(Heat  r8848)  After  Its  First  Cold  Reduction  to  0.100"  Thick 

62  Mechanical  Properties  of  Mill  Processed  Ti-PgAl-lSV  Strip 
(Heat  r8848)  After  Its  Second  Cold  Reduction  to  O.O8O"  Thick 

63  Mechanical  Properties  of  Mill  Processed  Ti-2§Al-l6v  Strip 
(Heat  r8848)  After  Its  Third  Cold  Reduction  to  0.045"  Thick 

64  Mechanical  Properties  of  Mill  Processed  Ti-25Al-l6v  Strip 
(Heat  r8848)  After  Its  Fourth  Cold  Reduction  to  0.021"  Thick 

65  Compression  Yield  Strength  (0.2^  Offset)  of  Mill  Processed 
Ti-22Al-l6v  Strip  (Heat  r8848)  After  Its  Third  Cold  Reduction 
to  0.045"  Thick 

66  400F  Tensile  Properties  of  Mill  Processed  Tl-2iAI-l6v  Strip 
(Heat  r8848)  After  Its  Fo\irth  Cold  Reduction  to  0.021"  Thick 


67  60QF  Tensile  Properties  of  Mill  Processed  Ti-25Al-l6v  Strip 
(Heat  r8848)  After  Its  Fourth  Cold  Reduction  to  0.021"  Thick 

68  800P  Tensile  Properties  of  Mill  Processed  Ti-22Al-l6v  Strip 
(Heat  r8848)  After  Its  Foxirth  Cold  Reduction  to  0.021"  Thick 

69  Pole  Fig\ire  for  Mill  Processed  Ti-23Al-l6v  Strip  Alpha  Phase 
(Heat  r8848  -  Annealed  Condition) 

70  Pole  Figure  for  Mill  Processed  Ti-2|Al-l6v  Strip  Beta  Phase 
(Heat  r8848  -  Annealed  Condition) 
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It  has  "been  established  that  continucaisly  hot  and  cold  rolled  titanium  alloys 
exhibit  pronounced  directionality  of  properties.  The  purpose  of  this  project 
is  to  reduce  the  differentitil  between  longitudinal  and  transverse  properties 
to  an  acceptable  minimum  for  rolled  titanium  alloy  sheet  and  strip. 

Objectives 

1.  To  relate  the  directionality  of  sheet  or  strip  as  rolled  with  the 
capability  to  form  final  aircraft  components  with  satisfactory 
characteristics . 

2.  To  obtain  data  on  the  extent  of  uniform  deformation  euad  preferred 
orientation  in  the  DOD  sheet  alloys  exposed  to  various  hot  rolling 
cycles  and  may  Include  cold  rolling  cycles. 

3.  To  correlate  the  extent  of  the  preferred  orientation  resulting  from 
these  rolling  operations  with  mechanical  tests. 

4.  To  establish  the  minimum  differential  in  directionality  that  is 
economical  and  design-wise  acceptable  to  the  airframe  and  missile 
Industry. 

5.  To  establish  the  optimum  rolling  cycles  for  the  DOD  Sheet  Rolling 
Alloys  which  would  resiilt  in  the  minimum  directionality. 

Since  continuous  rolling  is  a  high  volume  method  of  production  these  objectives 
are  particularly  appropriate  for  the  DOD  alloys,  Ti-6A1-4V,  T1-4a1-3Mo-1V  and 
Ti-2fAl-l6v.  The  sequence  used  in  this  investigation  is  Ebase  I  literature  survey, 
Ebase  II  rolling  processes  selected  and  tried  on  laboratory  equipment,  Ihase  III 
production  of  full  sized  strip* 
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PHASE  I 


Literature  Search 
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DISCUSSION 


It  Is  generally  agreed  that  the  principal  causes  of  directionality  in  strip 
product  axe  phase  or  inclusion  pattern  and  preferred  crystallographic 
orientation. 

In  ordinary  ferrous  and  non-ferrous  strip  product,  inclusion  shape  and  distribu¬ 
tion  can  be  a  large  contributing  factor  to  directionality.^*  This  is  not  the 
case  in  titanivm-base  alloys  which  are  vacuum-arc  melted  in  ein  inert  atmosphere. 
These  alloys  etre  free  of  compounds  and  particles  of  the  inclusion  type.  Phase 
pattern  (principally  elongated  alpha  or  beta  grains)  can.  contribute  to  direction¬ 
ality  in  titanium  alloy  strip  but  this  is  controllable  in  strip  processing  to  a 
certain  extent  through  cold  rolling  and  annealing  cycles  and  is  therefore  believed 
to  be  a  minor  factor.  This  leaves  preferred  crystallographic  orientations  as  a 
major  contributor  to  titanium  alloy  strip  directionality.  This  discussion  will  be 
confined  to  data  on  titanium  alloy  orientations  and  general  information  applicable 
thereto,  auad  the  reader  is  referred  to  existing  works  on  the  subject  of  preferred 
orientations  for  additional  information.  Probably  one  of  the  best  of  these  is 
Barrett^,  which  contains  a  complete  bibliography  euod  discusses  hot  and  cold  rolling 
textures,  recrystallization  textures,  their  effects  on  directionedity,  and  such 
effects  of  processing  on  orientations  as  are  known. 


Very  little  data  exist  on  deformation  mechemisms  or  textures  of  highly  alloyed 


done  to  determine  deformation  mechanisms  of  unalloyed  HCP  alpha  titanium,  which 


has  been  summarized^ 

Temperature, 

as  follows: 

Slip  Systems 

Twinning  Systems 

References 

-320 

(lOl^  <112a> 

(n^  ,  ^ii22>,  CiiSl], 
^1012},  (1123 j 

6 

75 

til 

{1012],  {ll2ij,  {ll22j 

3,  16,  18 

930 

Cioio]  <1120>, 
(ion]  <ii20>, 
^0001]  <1120> 

^lonj 

6 

1470 

fioloj  <ai20>, 
(ion)  <ii20> 

{1012] 

6 

1500 

(1010]  <L120>, 
(10113  <112(1> 

(1121],  [1122} 

7 

*  Numbers  indicate  references  in  selected  bibliography. 
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These  mechanisms  may  be  considerably  different  in  alloyed  HOP  titanium.  Increasing 
interstitial  content^  strongly  affects  the  critical  resolved  shear  stress  for 
slip  soxd  the  ratios  between  the  vaxious  sllptjsystems  and  similar  effects  may  be 
expected  from  increasing  substitutional  alley  content. 

Available  information  on  criticel  resolved  shear  stress  for  slip  in  unalloyed 
HOP  tltanlxim  has  been  summarized^  as; 

_ Critical  Resolved  Shear  Stress^  kg/inm^  (a) _ 

Investigator _ (lOlOl  <0120  (loil}  <112a>  f0001>  <1120> 

Churchman^ 


(a)  0.1  O2  +  Ng 

(b)  0.01  O2  +  N2 
Rosi,  et  al.^ 


9.19  9-90 

(13,060)  (14,060) 

1.4 

(1,990) 

4. 9-6.8 

16  (6,960-9,660) 

5 

(7,110) 

(a)  Parenthetical  values  show  pounds  per  square  inch 


Anderson,  et  al. 


10.90 

(15,480) 

6.3 

(8,950) 


10. 9-13 *5 
(15,480-19,170) 


At  room  temperature  slip  occurs  on  |l01oJ  <1120>,  ^lOll^ '^^4L20>,  euid  (OOOl) 

<1120>  in  slightly  decreasing  order_of  preference  but  a  decirease  in  interstitial 
content  meurkedly  favors  slip  on  jioioj  ■<I120C>. 

Barrett^  gives  "ideal"  rolling  textures  for  HCP  metals  (with  axial  ratios  near 
that  for  the  ciLose  packing  of  spheres,  c/a  =  I.633)  as  (OOOl)  [lOlO))  and  for  BCC 
metals  as  (100 )  [Oil]  .  He  also  points  out  that  the  ideal  HCP^ rolling,  texture  is 
commonly  modified  by  twinning.  Several,  investigators  11,  12,  14,  15  deter¬ 
mined  that  the  rolling  texture  of  HCP  titeinium  differs  from  the  ideal  in  that 
(0001)  poles  are  rotated  about  30°  toweird  the  transverse  direction  around  an 
eocis  located  in  the  roUingjiirection.  This  departure  from  the  ideal  is 
believed  -aused  by  ^11223  twinning,  which  would  tend  to  alter  all  (OOOl) 

planes  within  30°  of  the  rolling  plane  to  a  position  about  90°  from  the  soiling 
plane.  During  deformation  this  would  be  a  continuous  process,  of  coarse,  which 
can  be  pictiured  as  (OOOl)  planes  being  rotated  by  slip  from  a  position  per¬ 
pendicular  to  the  transverse  direction  to  30°  from  the  rolling  plane  and  then 
being  rotated  back  to  their  original  position  by  twinning. 

Rolling  textures  of  Ti-7«1  Zr.  Ti-3»8  Ta,  Ti~3.6  Cb  and  Ti-3.8  Al  HCP  alpha 
alleys  have  been  determined  The  Ti-3.8  Al  alloy  developed  almost  none  of 
the  basal  plane  tilt  described  above  for  pure  titanium  and  was  very  close  to 
the  ideal  texture  for  HCP  metals.  The  other  alloys  had  rolling  textures 
similar  to  that  of  pure  titanium. 

Hot  rolling  of  alpha  titanium  produces  a  texture  slmlleir  to  that__causad  by  cold 
rolling.  Material  rolled  at  IO5QP  and  l45C(P  had  (OOOl)  XlOlO]  textures  with 
considerable  spread  in  both  the  transverse  and  rolling  directions. 
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The  hehavior  of  titanium  rolling  textures  durl.ng  re  crystallization  (or  "ajineeJLing", 
for  a  more  appropriate,  general  term)  is  very  complex,  and  is  complicated  further  . 
hy  the  allotropic  transformation  from  HOP  to  BGC.  Several  inveetigations^^^^^^^^-#^^ 
on  the  effect  o:^  armealing  treatments  on  the  unalloyed  HOP  tlteoilum  texture  have 
been  summarized'"  and  indicate  that  - 

1)  Low  temperature  annealing  (less  thanJLOOQP)  pro*iuoe  only  a 
sharpening  of  the  rotated  (0001 )  [1010 3  roUlng  texture. 

2)  Increasing  the  annealing  temperat'irejup  to  15OCF  increases 
the  predominance  of  a  new  (0001)  0.120J  rotated  texture  over 
thejold  one.  Some  investigators  also  report  a  rotated  (0001 ) 

[1010]  texture  with  the  [1010  3  direction  14  -  20*^  from  the 
roi-licg  direction  for  emneals  in  this  t/emperature  raiige. 

3)  Heating  to  just  above  the  beta  transu^s  temperature  (l65Cffi'“ 

I92OF)  produced  a  rotated  (0001 )  [).1203  texture  which  could 

be  e^lained  if  the  (OOOl)  alpha  plane  tended  to  coincide  with 
^UOj  beta  planes  during  traiisformation. 

4)  Heating  high  into  the  beta  field  {21lX)P)  produced  a  new 
complex  texture  which  was  believed  caused  by  the  development 
of  a  (001.)  [1003  cube  textxire  in  the  beta  phase  by  secondary 
re crystallization  and  subsequent  transformation  to  alpha 
phase  with  the(OOOl)  alpha  plane  forming  parallel  to  prior 
^llOj  beta  planes. 

No  discussion  of  preferred  orientation  in  the  beta  phase  of  alpha-beta  or  beta 
tltauaium  alloys  was  encountered  in  the  literat’ure.  A  review  of  Crucible  Steel 
Company  of  America  data  on  tensile  properties  of  alpha-beta  sheet  alleys,  such 
as  6a1-4V,  4a1'"3MO’’1V,  l6V~2iAl  (the  DOD  alleys),  and  8Mn  reveals  that  the 
magnitude  of  the  directionall'ty  prob2.em  deci'eases  with  increasing  pro:portlon3 
of  beta,  phase  in  the  annealed  microstructure.  Therefore,  thoxagh  the  contribution 
of  beta  phase  preferred  orientation  to  mechanical  .property  directionality  is 
not  clearly  established,  it  is  not  felt  to  be  of  any  significant  inportance. 

Based  on  this  assximption,  the  directionality  problem  in  the  three  alleys  being 
investigated  under  this  contract  in  order  of  deci-easing  magnitude  will  probably 
be  6A1-4v,  4A1“3Mo™1V  and  16v-2|a1. 

The  foregoing  discu,ssl.on  Illustrates  the  difficxilty  of  applying  fundamental 
texture  studies  to  the  problem  of  mi-nlmlzing  directionality  in  titanium  allsy 
strip.  The  alleys  investigated  under  this  contract  have  both  HOP  alpha  and 
BCC  beta  phases  co-existing  in  their  structures.  Fiirthermore,  both  of  these 
phases  eire  high  in  alloy  content  and  chemical  composition  of  the  iudividxial 
phases  can  be  varied  by  heat  treatment.  These  factors,  plus  re crystallization 
characteristics  of  the  individual  phases,  mode  of  phase  trensformation 
(precipitation  plus  growth  or  growth  of  existing  phase  particles),  cold  rolliixg 
variables,  and  heat  treatments  can  all  affect  texture  behavior.  Therefore,  our 
approach  to  the  titanixun  alley  strip  directionality  problem  will  be  to  investi¬ 
gate  the  effects  of  a  variety  of  empirical  processing  schedules  on  mechanical 
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properties  determined  at  several  angles  to  the  rolling  direction.  This  is 
traiditionally  the  method  used  to  minimize  directionality  in  strip  products, 
since  there  are  few  well  defined  laws  governljig  crystal  hehavior  under  various 
coniblnations  of  deformation  and  annealing.  In  developing  these  einpirical 
processing  schedules  we  have  relied  largely  upon  Gruclhle's  extensive  experience 
in  the  strip  processing  of  titanium  alloys. 

Hiase  pattern  may  also  contribute  to  mechanical  property  directionality.  While 
never  actively  Investigated  in  sheet  material,  Crucible  Steel  Company  of  America 
has  long  recognized  the  directional  effects  of  elongated  eJ.pha  in  two-phase 
alley  billet  material,;  therefore,  the  possibility  of  the  existence  of  a  dis¬ 
persion  of  preferentleJ-ly  elongated  e^-pha  grains  in  a  treinsformation  or  beta 
matrix  in  strip  product  should  not  be  overlooked.  It  is  impossible  to 
distinguish  between  the  contrihutlons  of  crystallographic  orientation  and 
phase  pattern  to  directionality  by  mechanical  testing.  Although  metallographio 
examination  need  not  necessarily  confirm  existence  of  a  phase  pattern,  this 
technique  was  employed  in  an  attempt  to  minimize  the  possibility  of  phase 
pattern  occurrence. 

Strip  processing  can  oonveniently  be  divided  into  three  sections— hot  rolling, 
cold  rolling  and  thermal  treatments  (other  than  simple  heating  for  hot  rolling)— 
each  involving  a  nunfeer  of  independent  veiriables  which  influence  preferred 
orientation.  The  three  sections  listed  above  will  be  discussed  indlvlduetLly 
with  respect  to  past  Crucible  experience. 

Hot  Rolling 

Temperatui’e ,  heating  schedule,  reduction  schedule  and  rolling  speed  are  the 
four  prlmaiy  independent  variables  in  the  hot  rolling  section  of  strip  processing. 
Of  these,  attention  has  been  focused  on  tempet-atura.  Directionality  at  the 
l/8"  thick  (hot-band)  stage  has  been  minimized  by  rolling  to  gage  entirely 
above  the  beta  transus,  i.e.,  at  a  temperature  sufficiently  high  that  only  the 
body-centered-ciibiG  beta  phase  exists  during  rolling.  This  effect  is  Bhami  in 
Tables  I  and  II,  which  give  the  hot  rolled  tensU-e  properties  of  the  two-phase 
alloys  4Al-3Mo-iv  and  l6'V'-2^Al  respectively,  aftei*  laboratozy  rolling  to  i/8" 
at  various  temperatures.  This  condition,  while  closely  approximated,  has  not 
been  readily  achieved  in  production  rolling  of  alpha-beta  alloys.  The  maximum 
rolling  temE«rature  is  limited  by  oxide  skin  formation,  gas  absorption  and 
excessive  grain  growth.  Excessive  grain  grcwtih  in  combination  with  heavy  oxide 
skin  formation  results  in  severe  surface  tearing  and  cracking  during  rolling, 
making  conditioning  extreiaely  difficult  and  expensive.  Under  these  conditions, 
subsequent  operations  do  not  result  in  satisfactory  product.  Mlniiipjim  rolling 
temperature  is  influenced  primarily  by  roll  pressure  requirements. 

It  has  been  demonstrated  by  mill  experience  that  the  heating  schedule  should 
be  such  that  heating  tiane  should  not  exceed  the  time  required  for  material  to 
attain  a  uniform  temperature  throughout,  since  gas  absorption,  oxide  skin 
formation  euad  grain  growth  proceed  rapidly,  particularly  at  temperatxires  above 
the  beta  transus.  Since  heating  schedixle  is  largely  a  matter  of  accurate  temp¬ 
erature  measxirement  and  process  control,  it  requires  no  investigation. 
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We  did  not  find  any  discussion  in  the  literature  of  the  inffluence  of  heavy 
versus  light  hot  reductions  per  pass  on  preferred  orientation  nor  do  ve  know 
of  any  unreported  investigations.  It  is  expected,  however,  that  the  effect 
will  he  slinilar  to  that  encountered  in  the  cold  rolling  of  eilpha  titanium  and 
zirconium— heavy  reductions  will  produce  a  more  highly  oriented  structure  than 
•will  light  reductions.  Maximum  sued  minimum  reductions  on  production  facilities 
are  de-termlned  hy  mill  capabilities  and  minimum  finishing  temperature  considera¬ 
tions.  Since  rolling  speed  and  reduction  schedules  are  both  stredn  ra'be 
variables,  and  since  speed  cannot  be  controlled  as  readily  as  reduction  schedules, 
only  -the  latter  variable  was  investiga'ted  for  the  hot  rolling  portion  of  this 
•work. 

Cold  Rolling 

During  cold  rolling  there  are  more  processing  variables  available  to  influence 
diorectlonali^ty.  Of  greatest  importeuioe  are  starting  condition,  toteJL  reduction 
'  or  strain,  mill  tension  and  •the  strain  rate  variables,  roll  speed  and  roll  sl^. 
Steirtlng  condition  refers  to  gredn  size  and  the  relatl^ve  proportions  of  alpha 
and  beta  phase  in  the  microstructure.  Rolling  a  metastable  beta  obtained  by 
solution  treatment  anneals  offers  a  possibility  for  reducing  preferred  orientation 
and  resultant  mechanical  property  directionality.  Howeirer,  -the  effectiveness  of 
solution  trea^bments  is  limi-bed  by  cold  rollablli-by  and  quality  considerations. 

Greater  toteJ-  redxictions  geheraiUy  result  in  a  higher  degree  of  preferred 
orientation.  A  minimum  reduction  of  ajpproximatcly  205^  is  required,  however, 
to  restore  mechanical  properties  which  aa*e  destreyed  hy  some  of  the  randomization 
thermal  trea-bments  which  are  to  be  investigated.  Here  again  is  exhibited  ■the 
great  inderdependenca  of  thermal  treatment  and  cold  rolling  variables. 

Strain  rate  sensitivity  of  titanium  is  well  known  and  was  investigated  by 
Crucible  Steel  Campany  of  America  under  AWC  contract,  AP  33(038) -21912.  However, 
the  effects  of  the  strain  ra-te  veorlables,  roll  speed  and  size,  on.  directioijiality 
are  not  reported  in  -the  li-berature.  Nor  have  mill  -bension  effects  been  reported. 
These  are  examined  tmder  Phase  II  of  this  contract. 

Thermal  Trea-bments 

The  greatest  emphasis  has  been  placed  on  de-velopmsnt  of  thermsil  cycles  to 
reduce  directionality.  Independent  vetriables  in'-nsstlgated  were  time,  -tea^p- 
erature  and  cooling  rate. 

Short  time  hetatizlng  anneals,  l.e.  annealing  above  the  beta  transits,  followed 
by  air  cooling  to  retain  a  large  portion  of  metastable  beta  phase,  and  long 
tine  alpha-beta  final  anneals  have  produced  satisfactory  directionality  results 
in  6a1-4v  alloy  strip.  Howe-ver,  the  lew  directionality  has  usually  been 
accompanied  by  low  strength.  Tables  III  and  ISf  give  mechanical  property  res'aLts 
of  C120AV  at  each  processing  stage.  The  influence  of  a  solution  treatment  is 
shown  in  Table  III:  dlrec-blonality  is  reduced  considerably. 
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Overeiging  of  solution  treated  strip  (i*e.,  matei-lal  containing  a  large  portion 
of  metastable  beta  In  the  mlcrostracture )  in  combination  'Kith  a  variety  of  prior 
and  subsequent  thermal  treatn^nts  and  cold  rolling  scshedules  offers  some possibility 
for  minimizing  preferred  orientation  in  titanium  alloy  stripo 

Considerable  work  is  required  in  the  promising  area  of  themal  treatments « 


COHCLUSIONS 


Con?prehensive  studies  of  deformation  nkechanlsms  and  textures  of  cold  rolled  and 
annealed  unalloyed  hexagonal-close-paoked  alpha  titanium  have  been  made  and  are 
reported  in  the  literature*  Little  information  is  available,  however,  on  the 
effects  of  alloying  on  hexagonal-close -packed  alpha  textures  or  body-cantered- 
cubic  beta  textiares.  Moreover,  the  effects  of  textures  on  directionality  are 
known  only  in  a  general  way. 

Hexagonal-close -packed  metals  such  as  zinc  and  cadmium  do  not  deform  as  titanium 
does  because  they  have  an  ahhormally  high  c/a  ratio.  Others  such  as  barylliua, 
zirconium,  hafnium  and  osmium  have  been  explored  less  than  titanium.  Magnesium 
and  its  alloys  have  been  studied  extensively  but  directionality  is  severe  and 
is  minimized  largely  by  cross  rolling.  Accordingly  the  literature  provides  little 
that  is  directly  applicable  to  this  progrsun. 

On  the  other  hand  body-centered-ciibic  metals  have  been  £tu»iied  in  detail  and 
their  crystallographic  and  directional  characteristics  are  consistent.  Since 
the  alloys  being  investigated  under  this  contract  are  two  phase,  additional 
compilcations  arise  during  heat  treatment  because  of  the  transitions  from  one 
phswe  to  the  other  and  resulting  changes  in  orientation. 

The  prior  art  indicate^  that  the  rolling  texture  of  alpha  or  hexagonal-olose- 
packed  titanium  is  [lOlOj,  The  basal  plsuse  (0001)  rotates  out  of  the  rolling 
plauie  by  various  amounts  depending  on  the  aU.oy  content,  but  concentrates  at 
30°  for  unalloyed  titanium.  CombinationB  of  slip  and  twinning  have  been  shown 
to  account  for  this  phenomena  depending  on  specific  assumptions  about  the 
ratios  of  the  critical  resolved  shear  stress.  Certadn  annealed  ajid  recrystallized 
textures  are  explainable  as  arising  from  the  basal  plane  transforalng  to  the  (110 ) 
plane  of  the  beta  phase.  These  suggest  that  heat  treatment  during  processing  Is 
of  major  importance  in  directionality. 

Therefore,  the  literature  search  conducted  iinder  this  contract  indicates  that 
titanium  alloy  strip  directionality  control  can  best  be  investigated  by  deternsining 
the  effects  of  a  variety  of  empirical  processing  schedules. 
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PEASE  II 

Laboratory  Investigations  of 
Processing  Variables 


IISSCRIITION  CS?  PHASE  II  PROGRAM 


Phase  II  is  an  Intermediate  step  in  which  the  results  of  the  Phase  I  literature 
searcsh  and  Crucible  experience  in  strip  pi’ocessiug  were  couiblned  in  laboratory 
investigations  of  processing  variables.  These  were  designed  to  lead  to  improved 
production  processing  sequences,  to  be  tried  out  on  production-slae  slabs  in 
Phase  III. 

0£  the  three  alloys  being  investigated,  most  of  the  Phase  II  laboratory  work 
wsut  carried  out  on  the  Ti-6Al-4v  alloy  in  order  to  refine  the  strip  proceassing 
attempted  under  Navy  Contract  NOas  56-995c.  The  processing  and  metaH-urgical 
characteristics  of  Tl-^Al-SMo-lV  and  T1-2|a1-16v  sheet  were  still  being  exiloi'ad 
\mder  the  latter  contract  at  the  time  the  direotioneility  program  reported  here 
was  begun.  The  Navy  contract  was  directed  to  hand  sheet  processing,  but  also 
called  for  exploration  of  basic  Ti~4Al-3I*3”lV  and  TI-25AI-I6V'  strip  processing 
characteristics.  The  laboratory  processing  of  Ti-6Al-4v  for  minimiairsg  direc¬ 
tionality  was  synchronised  with  the  exploratory  work  on  the  other  two  alloys 
on  the  Navy  contract.  Subsequent  refinements  of  the  strip  processing  of  Ti- 
4Al-3Nb-lV  and  Ti-2|Al-l6v  were  accomplished  under  the  directionality  contract. 

Hot  rolling  of  4"  thick  forged  slabs  to  0.125"  thick  coiled  hot  band  is  the 
first  rolling  operation  in  making  strip  product.  The  effects  of  three  rolling 
teinperatxires  and  two  reduction  schedules  on  T1-6A1-4V  directionality  were 
investigated  at  the  intermediate  0.75”  thick  sheet  bar  stage  as  wa,ll  as  at  the 
final  0.125"  thick  hot  hand  gage. 

Strip  product  is  processed  from  0.125"  thick  to  final  gage  by  a  series  of  cold 
reductions  and  intermediate  anneals.  Twenty  candidate  cold  roU/anaeal  cji'cles. 
Involving  the  evaluation  of  long  time  ajineals  well  below  the  beta  transus, 
short  time  anneals  very  near  or  above  the  beta  treinsus,  and  cold  reductions  of 
20  to  505^/  were  investigated  for  effects  on  annealed  mechanical  propsrty  direc¬ 
tionality.  The  two  cycles  which  produced  the  least  directionality  and  which 
appeared  to  be  most  practica?-  for  existing  production  equipment  wex-e  selected 
for  a  more  comprehensive  dlrectionsillty  eva3,uation  in  the  armea3.'Sd,  solutioa 
treated,  and  solution  treated  and  aged  conditions.  Room  and  elevated  tea^Mra- 
ture  tensile  and  compression  tests  and  room  temQEeratijre  bend,  tests  were  used 
for  this  evaluation. 

The  effects  of  roll  diameter,  rolling  speed,  and  strip  tension  on  directionality 
were  also  determined  under  Phase  II. 

The  effect  of  cold  work  in  the  solution  treated  condition  on  '11-6^1-47  aging 
response  (prestrain  effect)  was  investigated  for  both  processes  screened  from 
the  twenty  candidates.  In  the  early  stages  of  our  program  vinder  Navy  contract 
NOas  56-995C,  it  was  found  that  such  cold  work  caused  the  Ti”4Al-3Mo-lV  and 
T1-25^-16v  alloys  to  age  to  lower  strengths  than  if  no  cold  work  vjere  perfonasd. 
Intensive  investigations  at  that  time,  which  eliminated  Ti-kAl“3Mo-lV  and 
minimized  Tl-2^Al-l6v  prestrain  effects,  showed  that  prestrain  effect  was 
affected  by  processing  history.  The  purpose  of  investigating  Ti-6Al-4v  prestraln 
effect  under  this  contract  wets  to  determine  if  it  occurred  in  this  alloy  and, 
if  so,  how  it  was  affected  by  processing  history. 
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Laboratory  Investigations  of  Ti~4Al-3Mo-lV  and  Ti-2|Al-l6v  strip  processing 
were  then  carried  out.  Methods  developed  to  ndnimize  Ti-6Al-4v  directionality 
were  applied  to  these  other  alloys  to  deteimine  if  they  had  eua  equally  beneficiEl 
'  effect.. 

*  HOT  RQLLIMG  0.75”  THICK  SHEET  BAR 

This  part  of  the  progretm  involved  hot  rolling  7"  wide  by  3"  thick  by  4'*  long 
j  slab  sections  to  0.75”  thick  sheet  bar  using  starting  temperatures  of  I9OO, 

2050,  and  220C!F  and  reductions  per  pass  of  I3  and  21^  (a  totel  of  six  tenperature- 
I  reduction  schedules).  All  material  for  the  six  tests  was  rolled  to  I.50"  thick 

!  at  1900,  2050  and  2200P  before  starting  the  program. 

Table  V  contains  the  detailed  temperature -reduction  schedules  followed  in  pro¬ 
cessing  the  six  hot  rolling  tests  from  I.50"  to  0.75"  thick.  The  starting 
temperatures  shown  were  selected  so  as  to  result  in  six  finishing  temperatures 
spaced  over  the  temperature  range  of  I55OF  to  193QF  at  the  0.125”  thidk  hot 
band  stage  and  thus,  with  a  ininlni:;.m  nujaber  of  experiments,  Investigate  finishing 
tenperatures  from  substeuatlally  below  to  above  the  beta  transus.  Reduction 
schedules  were  chosen  on  the  basis  of  production  mill  capabilities  and  related 
tenperature  requirements.  A  temoperature  drop  of  5F  per  pass  for  hot  rolling 
to  0.75"  thick  sheet  bar  was  assumed. 

Annealed  tensile  properties  in  three  directions  of  0,75"  thick  T1-6a1-4V  sheet 
!  bar  hot  rolled  by  the  six  schedules  are  listed  in  Table  VI.  The  low  ultimate 

j  and  yield  strength  directionalities  were  anticipated  since  all  rolling  to  0.75" 

j  thick  was  conducted  above  the  beta  transus.  Because  of  the  overall  low  strength 

j  directionality,  any  of  these  schedules  seems  satisfactory  for  sheet  bar  rolling. 

! 

HOT  ROLLIUG  0.125"  THICK  HOT  BAND 

i  '  ■  I  ■■  II  n  I  ■  - 

!  Hot  rolling  from  O.75O"  thick  sheet  bar  to  0,125"  thick  hot  band  was  acccoplished 

by  the  teuperature  reduction  schedules  outlined  in  Table  VII.  Here,  tea^'erature 
drops  of  15OF  between  the  2-hlgh  slab  mill  and  the  4-high  hot  strip  mill  and  I5F 
per  pass  in  the  4-hlgh  mill  were  assucaed.  Reductions  per  pass  of  I5  and  23^ 
were  investigated. 

Table  VIII  conteilns  the  annealed  tensile  properties  in  three  directions  of  0,125" 
thick  Ti-6A1-4V  hot  hand  rolled  in  accordance  with  the  six  teuperature -reduction 
schedules  described  in  Table  VII.  As  expected,  material  finished  at  the  higher 
tenperatures  exhibited  the  lowest  directionality,  due  probably  to  more  body- 
centered-cubic  beta  pheise  in  the  mierostructure. 

I  '  Figures  1  and  2  are  plots  of  ultimate  and  yield  strength  directionality  versus 

finish  hot  rolling  temperature  at  constaoit  reduction  per  pass  for  O.125"  thick 
T1-6a1-4v  hot  band.  The  relationships  shown  are  believed  to  be  valid  even 
though  the  data  are  limited. 

Iiongltudlnal  microstructures  of  Ti-6A1-4V  finish  hot  rolled  to  0.125"  above 
the  beta  traiisus  or  in  the  all  beta  field  at  1930  asid  1850?  axe  shcjwn  in 
Figures  3  and  4.  Figures  5  and  6  represent  material  hot  rolled  23  euid  15^ 

I  per  pass  and  finished  at  I780  and  170ap,  respectively.  Note  that  Figure  5 

J  is  a  very  coarse  transformation  structure  while  Figure  6  is  a  fine  worked 

I  alpha-beta  structure.  At  still  lower  finishing  tenperatures  (I63O  and  155®) 
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vhere  the  effect  of  reduction  per  pass  ceases  to  he  of  Importance,  as  shown  by 
Figures  1  and  2,  microstructures  are  both  fine  alpha-beta. 

Two  hot  rolling  processes  were  selected  froota  the  six  combinations  of  temperature- 
reduction:  Test  32,  the  best  with  respect  to  directionality,  and  Teat  11,  the 
most  practical  production  practice.  Additional  material  was  hot  rolled  by  each 
of  the  two  procedures  described  suad  tensile  tested  in  three  directions  in  the 
annealed,  solution  treated,  and  solution  treated  egid  aged  conditions.  These 
test  results  appeeor'  in  Table  DC.  Annealed  tensile  directionalities  eire  samewhat 
higher  than  those  obtained  in  the  initial  testing.  Ultimate  and  yield  strength 
directionality  of  hot  rolled  O.I25"  thick  Ti-6A1-4V  finished  below  the  beta 
transus  decreases,  while  directionality  of  material  finished  above  the  beta 
transus  shows  a  meurlied  increase,  upon  solution  treatment.  Directlonalliy  in 
both  cases  shows  a  marked  decrease  upon  aging. 

COLD  ROLLIMG  TO  FINAL  GAGE 


Cold  rolling  and  intermediate  annealing  process  variables  selected  for  investi¬ 
gation  were: 

1.  Anneals  of  long  duration  well  belor-r  the  beta  transus. 

2.  Short  time  anneals  simUao:  to  production  anneals  well  below 
the  transus. 

3.  Short  time  anneeJ-s  very  near  or  above  the  beta  transus. 

4.  Cold  reductions  of  205&  to  505^  between  anneals. 

Lengthy  annealing  has  the  reputation  of  ermnoing  bend  properties,  low  teapera- 
ture  "strand  line"  anneals*  fit  present  equipment  best,  and  high  tenperature 
strand  line  anneals  were  presxsoed  to  minimize  directionality.  Cold  reductions 
of  205^  to  305t  and  505&  were  selected  as  typical  of  average  and  maximum  production 
performance. 

Ti-6A1-4V  hot  band  0.125"  thick  hot  rolled  by  the  two  selected  schedu3.es  was 
processed  to  0.040"  thick  strip  by  ten  combinations  of  annealing  and  cold 
reduction  for  a  total  of  20  hot  ro.ll-cold  roll-anneal  processes.  Each  of  the 
processes  is  described  in  Table  X.  Duplicate  anneeiled  tensile  tests  were 
taken  in  five  directioi^  from  material  processed  to  0.040"  thick.  These 
results  appear  in  Table  XI  with  a  summary  of  ultimate  6uad  yield  strength 
directionality  in  Table  XII. 

Selection  of  optimum  processing  sequences  for  further  evalxiatlon  was  based  on 
the  data  of  Table  XII  and  practical  considerations  concerning  production 
equipment  available  for  processing.  Table  XII  indicates  that  hot  rolling 
temperatures  are  unlsportant,  so  attention  was  concentrated  on  processes  lA 
through  IK.  These  processes  are  most  practical  on  present  equipment  because 
of  the  lower  hot  rolling  temperature  (finish-rolled  below  the  beta  treumus). 

They  will  also  produce  less  oxidation,  and  hence  better  hot  rolled  surfaces 
with  less  conditioning  loss  than  processes  3A  through  3K. 


*This  refers  to  passing  the  strip  continuously  thru  the  eumealing  furnaces, 
pickling  baths,  dryers,  etc.  and  rewinding  into  a  coll. 
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Of  processes  lA  through  IK,  IB,  IF,  and  IK  are  the  best  vith  regard  to 
dlrectionailty.  Erocesses  IB  and  IK  were  selected  for  further  evaluation 
because  process  11'  requires  an  Initial  short  tlnKj  anneal  above  the  beta 
treinsus  (lO  minutes  at  180QP).  While  known  to  have  a  beneficial  effect  on 
directionality,  such  anneals  usually  result  In  severe  edge  cracking  during 
cold  rolling.  Therefore,  the  possibility  of  high  scrap  loss  makes  process 
IF  a  third -choice  candidate  for  production  processing. 

The  work  reported  and  discussed  above  concluded  a  broad  survey  of  mill  pro¬ 
cessing  effects  on  directionality,  uslsag  annealed  room  temperature  tensile 
tests  for  screening.  Available  processing  sequences  were  narrowed  to  two 
candidates  and  the  next  phase  of  laboratory  work  under  this  contract  was  to 
select  the  better  of  these.  This  was  done  by  means  of  a  conprehenslve 
eveiluation  of  directionalities,  using  x-ray  diffraction  studies,  room  and 
elevated  tenperature  tension  and  conpression  tests,  and  room  temperature 
bend  tests  in  five  testing  directions  and  three  conditions— annealed, 
solution  treated  and  solution  treated  and  aged. 

Preliminary  pole  figures  of  both  alpha  and  beta  phases  of  process  IB  and  process 
IK  material  are  shown  in  Figxares  7  through  10.  Textures  of  both  processes  were 
similar  and  can  he  idealized  as  alpha  [0110]  emd  beta  (lOtD)  A  set  of 

unexplained  clear  areas  (representing  almost  zero  pole  density)  were  found  near 
the  center  circle  of  the  pole  figure  for  the  eilpha  phase  of  process  13,  which 
cannot  he  readily  explained  by  assigning  a  rolling  plans.  This  would  require 
further  study  for  explanation.  Though  not  the  result  of  ein  exhaustive  investi¬ 
gation,  these  textures  are  reasonably  consistent  with  studies  made  on  textures 
of  unalloyed  titanium  (discussed  under  Hiase  l).  The  Ti”6Al-W  nsaterlal  examined 
was  annealed  after  cold  rolling,  but  it  appears  that  the  alpha  phase  developed 
a  rolling  texture  similar  to  \inalloyed  titanium  (except  that  the  basal  plane 
was  rotated  more  toward  the  tremsverse  direction)  and  retained  this  texture 
through  the  anneeiling  cycle.  The  Ti-6Al-hV  beta  phase  developed  a  rolling  texture 
typical  of  hody-centered-cuhic  metals  and  retained  this  texture  through  ani^al-ing. 

Results  of  the  comprehensive  testing  of  0.040**  thick  Tl-6jil-4V  sheet  produced  in 
the  laboratory  by  processes  IB  and  IK  are  presented  In  Tables  XIII  through  X7II 
and  are  plotted  in  Figures  11  through  20,  Table  XVIII  is  a  suasaary  of  these  data 
which  facilitates  a  comparison  of  test  results  on  both  processes. 

Rrocess  IK  results  in  less  tension  and  con^pressioa  strength  directionality  and 
ductility  directionality  than  process  IB  in  the  great  majority  of  comparable 
tests  (Table  XVIII ),  regardless  of  test  temperature  or  material  condition. 

The  few  exceptions  may  be  attributed  to  normal  spread  in  test  results. 

Table  XVIII  also  shows  that  there  is  no  significant  dlffex*ence  between  the  two 
processes  with  regard  to  strength  levels  under  equivalent  test  conditions. 

However,  a  comparison  of  ductility  results  again  shows  an  advantage  for  process 
IK — tensile  specimens  from  process  IK  material  consistently  have  higher  percent 
elongations.  Differences  between  bend  results  are  not  considered  significant, 
except  that  Process  IB  results  vary  over  a  wider  reiage  with  test  direction, 
as  shorwn  in  the  directionality  sxunmazy  (Table  XVIII). 
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The  data  plotted  in  Figures  11  through  20  show  the  seune  Ti-6A1-4V  strip 
dlrectloneillty  pattern  discovered  hy  earlier  investigations  under  this  contract. 
Minimum  tension  and  compression  strength  values  occur  at  45  degrees  from  the 
direction  of  rolling  and  ductility  is  at  a  maximum  in  this  test  direction. 

This  pattern  persists  regardless  of  processing  method,  heat  treated  condition, 
or  testing  temperature.  Minimum  bend  radius  is  also  at  a  minimum  in  the  45 
degree  test  direction.  This  would  be  expected  since  bend  performance  usually 
improves  with  percent  elongation. 


The  effect  of  rolling  speed  and  roll  diameter  on  T1-6AL-4V  directionality  is 
shown  in  Table  XIX.  These  data  are  plotted  in  Figures  21  and  22  and  can  be 
summarized  as  follows: 


Rolling  Conditions 
Diameter 

■Xl— 


4 

2i 


UTS 


Directionality*  (ksi) 


YS 


£1 


(•/min.) 

IB 

IK 

IB 

IK 

IB 

IK 

60 

6.5 

5-9 

9.0 

9.5 

2.5 

4.0 

60 

12.0 

7.5 

12.0 

7.7 

4.5 

3.5 

140 

14.0 

15.0 

7.0 

14.0 

3.5 

4.5 

*Dlrectionallty  is  expressed  as  the  difference  between 
Ttiatiimim  and  minimum  values. 


The  effect  these  variables  have  on  directionality  is  so  small  that  it  can  be 
Ignored,  for  practical  purposes.  As  rate  of  deformation  increases  (l.e. 
smaller  roll  diameter  or  faster  rolling  speed)  ultimate  tensile  strength 
directionality  increases  but  does  not  reach  a  high  level.  An  increasing  rate 
of  deformation  introduces  no  significant  variation  in  yield  strength  or 
ductility  directionality. 


The  effect  of  strip  tension  on  Ti-6A1-4V  directionality  is  summarized  below. 
Individual  test  results  eu^e  shown  in  Table  XX  and  are  plotted  in  Figure  23. 


Strip  Tension  of  YS)  Directionality  (hsi) 


Forward 

Back 

TITS 

YS 

El 

30 

30 

34.4 

24.7 

5.5 

10 

10 

32.5 

22.2 

7.0 

30 

10 

36.3 

29.3 

9.0 

10 

30 

34.1 

24.8 

12.5 

The  four  combinations  of  strip  tension  Investigated  cover  conditions  which 
would  be  encountered  in  production  rollirg.  In  spite  of  large  changes  in 
strip  tension,  directionality  remains  almost  constant,  showing  that  strip 
tension  has  a  negligible  effect  on  directionality.  The  directionality  of 
the  strip  material  available  for  this  experiment  Is  rather  high  but  we 
believe  these  conclusions  are  valid. 
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Ti-6A1-4V  PRESTRAIN  EFFECT 


Test  data  (Figures  2k  through  33  and  Tables  XXI  and  XXII )  show  that  neither 
process  IB  nor  process  IK  produces  Ti-6A1-4V  strip  having  a  prestrain  effect, 
wlthiji,  the  limitations  of  the  investigation.  Tensile  prestralnlng  was  carried 
out  at  room  temperature,  400F,  7OOF  and  lOOOF  in  five  test  directions. 

Specimens  were  tested  in  both  tension  and  compression  in  the  as-prestradned 
condition  as  well  as  after  prestraining  and  aging.  Tensile  prestrains  en^ployed 
were  varied  over  a  range  but  did  not,  of  course,  exceed  the  limit  of  uniform 
elongation,  or  the  point  where  specimens  would  stairt  to  neck  and  non-uniform 
strain  begin. 

Since  this  investigation  indicates  that  parts  formed  of  both  IB  and  IK 
Ti-6A1-4V  strip  will  age  to  strengths  equivalent  to  unformed  materieil,  prestrain 
effect  can  be  Eliminated  as  a  basis  for  selection  of  the  optimum  processing 
schedule.  Nevertheless,  severed  interesting  observations  and  conclusions  can 
be  made  from  a  study  of  these  data,  vhlch  are  listed  below.  For  the  reeider's 
convenience  in  verifying  these  conclusions,  reference  Is  made  to  specific 
figures  in  the  column  at  the  left. 


Figures 

Compare  Figures  2k 
thru  27  for  IB  to 
29  thru  32  for  IK 


Conpeire  Figures  25 
thru  27  for  IB  to 
30  thru  32  for  IK. 


Conclusion 

1.  Processing  affects  heat  treat  response.  While 
neither  process  shows  a  prestrain  effect,  IK 
material  ages  to  a  somewhat  lower  strength-higher 
ductility  property  combination  than  does  IB 
materieil  for  the  aging  cycle  used— 4  hours  at 
lOOOP.  This  emphasizes  the  importance  of  process 
control— to  obtain  uniform  heat  treating  response, 
processing  must  be  uniform  from  one  coil  to  another. 

2.  Rrocess  IK  material  is  probably  more  suitable  for 
hot  forming  at  temperatures  of  40CF  to  1(X)0F  tha^a 
process  IB  material.  One  of  the  difficulties 
encountered  in  hot  forming  Ti-6A1-4V  sheet  metal 
parts  by  the  airframe  industry  has  been  extreme 
brittleness  at  forming  temperatures  of  70®  and 
above.  The  combination  of  high  temperature  and 
plastic  working  accelerates  aging  response  so  that 
ductility  is  lost,  for  all  practical  purposes. 

This  is  shcTtni  in  Figures  25  through  27  for  IB 
strip.  At  temperatures  of  400F,  7OOF  aM  lOOQF 
prestrain  results  in  little-to-no  yield  /'ultimate 
spread  and  room  temperature  test  specimens  were 

so  brittle  that  no  percent  elongation  measurement 
could  be  made,  in  most  cawes.  On  the  other  hand, 

IK  material  retedns  a  large  proportion  of  its 
ductility  imder  equiveilent  prestredn  conditions 
(Figures  30  through  32),  indicating  that  it  coaid 


"be  successfuJJjr  hot  formed  to  more  severe  contours 
than  IB  material.  Aging  4  hours  at  lOOCF  after 
prestrain  restores  a  substantial  portion  of  lost 
ductility  for  material  produced  by  both  processes. 

3.  While  there  is  no  prestrain  effect  •with  regard  to 
aged  strength  levels,  there  appears  to  be  a  slight 
loss  in  ductility  for  material  which  has  been  pre¬ 
strained  and  aged  compared  to  material  aged  without 
prior  prestraln.  This  ducitlity  prastrain  effect 
is  more  pronounced  in  IB  materisJ.  them  in  IK  material. 

IB  and  IK  material  tensile  prestrained  at  room  tentperature  and  then  tested  in 
compression  without  aging  shows  the  conventional  Bauschlnger  effect-compression 
yield  strength  drops  with  increasing  prestrain.  However,  aging  4  hours  at  lOOC®* 
after  tensile  prestralnlng  counteracts  the  Bauschlnger  effect  and  specimens  so 
aged  show  no  variation  in  compression  yield  strength  with  percent  prestraln. 
Compression  yield  strengths  are  uniformly  high  for  all  aged  specimens  (see 
Tables  XXI  and  XXII  and  Figures  28  and  33). 

The  data  from  comopresslon  testing  of  material  prestrained  at  elevated  tempera¬ 
tures  were  ncit  plotted  in  figures  but  are  merely  listed  in  Tables  XXI  and  XXII. 
This  material  is  overaged  but,  nevertheless,  the  resulting  properties  show  that 
overaged  counpresslon  yield  strengths  are  not  affected  by  tensile  prestralnlng 
at  temperatures  up  to  lOCWP, 

Aside  from  prestraln  considerations,  Figures  28  and  33  show  that  agitg  Ti-$AI-4V 
strip  4  hours  at  lOOOF  does  not  increase  ccaigpresslon  strength  as  it  does 
tension  strength.  Compression  yield  strength  is  as  high,  or  possibly  scaaswhat 
higher,  before  aging  than  tension  yield  strength  is  after  aging  euid  is  not 
noticeably  affected  by  the  aging  cycle.  In  fact,  these  data  indicate  that 
the  only  benefit  to  T1-6A1-4V  compression  strength  from  aging  is  to  reioaove 
any  Bauschlnger  effect  which  may  have  been  introduced  by  forming. 

Test  procedvtre  for  the  T1-6a1-4v  prestraln  program  was  as  follows!; 

All  specimens  were  strained  in  a  Baldwin  Tate-Emery  tensile  testing  2BaehlEie. 
Strain  values  shown  on  the  data  sheets  represent  plastic  strain  and  were 
measured  after  the  removal  of  loeid  and  elastic  recovery. 

Specimens  strained  at  elevated  temperatures  were  resistance  heated  (i.e. 
specimen  was  resistance  element  in  an  electrical  circuit).  Edges  were  machined 
parallel  before  straining  and  a  thermocouple  was  attached  to  the  specimen  to 
indicate  temperatiire.  Temperature  was  controlled  by  means  of  a  rheostat  and 
was  within  i  ICF  of  the  target  tensperature  throughout  the  time  the  specimen 
was  being  strained. 

Specimens  strained  at  elevated  temperatures  required  a  cycle  of  approximatelj'' 

2.5  minutes  for  heating  and  testing.  In  order  to  eliminate  the  effect  of  time 
at  elevated  temperatures  on  final  test  results,  specimens  for  Ojt  prestraln  at 
40CP,  7000? -and  lOOQF  were  exposed  to  the  same  heating  cycle. 


Figures  24  thru  27 
for  IB  and  29  thru 
32  for  IK 
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SELECTION  CF  THE  OEPMJM  Ti-6A1-4V  STRIP  HlOCESSIHG  CTCIfi 


On  the  hasis  of  the  data  comparing  processes  IB  and  IK  discussed  previously, 
process  IK  is  the  outstanding  candidate  for  T1-6A1-4V  strip  processing.  It 
promises  to  provide  strip  having  low  property  directionality  and  excellent 
heat  treating  response  and  is  one  of  the  most  practical  and  economiceil  processes 
considered  under  this  contract.  Briefly,  process  IK  involves  hot  rolling  from 
forged-slah  to  0.125”  thick  hot  hand  from  1900[F,  using  about  23^  reduction  per 
pass.  Finish  rolli^  teniperature  is  163QF.  The  hot  hand  is  then  stress  relieved, 
cold  rolled  30^^  stress  relieved  again,  cold  rolled  another  30?t  and  given  a  com¬ 
plete  anneal.  After  a  final  cold  reduction  of  505^,  the  strip  is  given  another 
complete  anneal  (See  Table  VI ). 

EVALUATION  CF  Ti-4Al-3Mo-lV  AND  Tl-2^-l6V  STRIP  PROCESSING 

The  major  feat\jres  of  strip  processing  cycles  for  Tl-4Al-3Wb“lV  euid  Ti-24Al-l6v 
established  by  the  Crucible  Steel  Company  of  America  \n»der  Navy  contract  NOas 
56-9950  are: 


_ Ti-4A1-3MD“1V _ 

1.  Double  consumable  melt  25"  diameter 
ingots. 

2.  Forge  25"  diameter  ingots  to  4” 
thick  slabs  at  I7OO-I95OF. 

3.  Hot  roll  4”  thick  slabs  to  0,125" 
thick  coiled  hot  band  from  1600F. 

4.  Anneal  at  I6OOF. 

5.  Cold  reductions. 

6.  Intermediate  anneals. 


_ Ti-2^L-l6v _ _ 

1.  Double  consumable  melt  25"  diameter 
ingots. 

2.  Forge  25"  diameter  ingots  to  4" 
thick  slabs  at  I7OO-I6OQF, 

3.  Hot  roll  4"  thick  slabs  to  O.L25" 
thick  coiled  hot  band  from  I65CF. 

4.  Anneal  at  140QF. 

5.  Cold  reductions. 

6.  Intermediate  anneals. 


Our  limited  mill  experience  with  these  cycles  to  date  has  shcfwa  that  the 
T1-4a1-3Mo-1V  alloy  develops  a  fairly  high  strip  directionality  and  that  the 
Ti-24Al-l6v  alloy  develops  low  directionaJ,ity.  High  final  cold  reductions 
(50^1/  found  to  be  beneficial  to  Ti-6A1-4V  directionality,  were  incorporated 
into  these  cycles  and  their  effects  on  Tl-2^Al-l6v  and  Ti-4Al-3M3-lV 
directionality  were  investigated  in  the  laboratory.  It  was  fcruod  that  cold 
reductions  of  the  order  investigated  did  not  have  a  significant  effect  on  the 
elready-low  directionality  of  the  Ti-2iAl-l6v  alloy.  Test  results  in  the 
solution  treated  eind  solution  treated  emd  agvd  conditions  for  Ti-4Al-3Mo-lV 
strip  idilch  held  received  a  final  50^  cold  reduction  are  shown  in  Table  XXIII. 
These  data  are  plotted  in  Figure  34  and  are  sunmarlzed  as  fo^llcws: 
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Dlrecrfeionallty 


(ksl) 

Property  Ranges 

Condition 

UTS 

.  YS 

EL 

UTS 

YS 

EL 

Solution 

Treated 

1655F, 

20’,  WQ 

10.7 

16.8 

5.0 

136.4-147.1 

94.2-111.0 
115  max^ 

13-18  ^ 

10.5  mln^- 

Solution 

16.5 

28.2 

1.5 

189.1-205.6 

159*0-187.2 

5.0-6. 5 

Treated  I85  mln^  I55  5.5  mln^ 

+  Aged 
12  Hours 
at  925F 

1  -  Five  test  directions;  two  specimens  per  direction  for  each  rajige. 

2  -  Common  specification  value  for  Ti-4Al-3Mo-lV  sheet. 

Although  a  final  high  cold  reduction  of  50^  Is  not  as  effective  In  mlnlmlzlag 
directionality  In  T1-4a1-3MO“1V  strip  as  In  T1-6A1-4V  strip,  It  does  produce 
material  having  excellent  mechanical  properties  with  regard  to  current  specifi¬ 
cation  values.  We  therefore  processed  the  Phase  III  T1-4a1-3Mo-1V  material 
according  to  the  schedule  tested  In  the  laboratory. 

CONCLUSIONS 


Laboratory  Investigations  of  twenty  combinations  of  strip  processing  variables 
show  that  a  major  decrease  in  Ti-6A1-4V  strip  directionality  nsay  be  achlevsd 
by  Increasing  final  cold  reduction  to  the  practical  limit  of  ductility. 

Rolling  speed,  roll  diameter  euid  strip  tension  appear  to  have  no  measurable 
effect  on  directionality*  Other  variables  such  as  slab  hot  rolling  tempera¬ 
tures  eind  intermediate  anneaJ.ing  treatments  have  some  effect  but  are  offset 
by  other  property  and  processing  considerations.  Aged  properties  of  T1-6a1-4v 
appear  to  be  imaffected  by  tepsile  prestrain  such  as  may  be  encountered  during 
forming  operations. 

Ti-2^Al“l6v  and  Ti-4Al-3Mo-lV  do  not  respond  to  the  same  degree  to  processing 
variations  as  T1-6a1-4v.  Tl-2iAl-l6v  alley  strip  is  basically  non-directional. 
A  modest  improvement  in  Tl-4Al-3Mo-lV  strip  directionality  is  achieved  by 
increasing  final  cold  reduction  to  the  practical  limit  of  ductility. 
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PHASE  III 


Rroductlon  Application 


-21- 
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WELL  EROCESSIHG 


Pour  thousand  pound  ingots  of  the  T1-6a1-4V;  T1-4A1-3Mo-1V  and  Tl-2^Al-l6v 
alloys  were  processed  under  Ihase  III  in  Crucible  Steel  Company  of  America's 
modern  strip  mill.  The  loirpose  of  this  full-scale  production  operation  was 
to  verify  that  the  minimum-directionality  strip  processing  cycles  developed 
under  Hiase  II  could  be  applied  to  production  operations. 

Production  operations  for  all  Phase  III  Ingots  are  shown  in  the  flow  sheets 
of  Tables  XXIV,  XXV  and  XXVI*  These  operations  are  discussed  in  more  detail 
in  the  paragraphs  that  follow. 

The  25"  diameter  hOOO-pound  ingots  were  double  consumable -arc  vacuum  melted. 

They  were  then  forged  to  42”  x  4"  x  L  slabs  by  upsetting  to  42"  diameter  and 
swaging  to  final  thickness.  Forging  temperatiires  were: 

Ti-6A1-4V  T1-4A1-3MP-1V  Tl-2iAl-l6v 

Upsetting  and  205aF  1950?  ISOOP 

rough  forging 

Final  forging  I70CF  ITOOF  I7OOF 

The  heats  were  conditioned  by  grinding  at  intermediate  and  flnsl.  forging  stages. 

The  42"  X  4"  X  L  forged  slabs  were  hot  rolled  to  42"  x  0.125"  to  O.I50"  x  L 
colled  hot  bands  on  our  hot  strip  mill.  Slab  temperatures  were  I875P  for 
Ti-6A1-4V  and  I8OQF  for  the  other  two  alloys.  This  hot  strip  mill  consisted 
principally  of  slab  heating  furnaces,  a  scaile  breaker,  a  two-high  reversing 
win  (with  edging  rolls)  to  reduce  forged  slabs  to  approximately  O.8OO"  thick 
sheet  bar,  shears  to  square  sheet  beo*  ends,  a  four-high  reversing  mill  to 
reduce  sheet  bar  to  approximately  0,140"  thick  hot  band,  emd  a  hot  bamd  coiler. 

Hot  collars  are  contained  in  furnaces  on  both  sides  of  the  four-high  reversing 
mill,  to  retard  heat  loss  durliig  the  final  hot  band  rolling.  The  strip  is 
alternately  coiled  and  uncoiled  in  these  hot  collers  as  it  is  reduced  in 
thickness  by  rolling  in  the  four-high  reversixjg  mill.  These  pieces  of  equipment 
are  Joined  by  run-out  tables  and  their  operations  are  synchronized  so  that 
nonnally  within  about  three  to  five  minutes  after  a  heated  slab  is  removed 
from  the  furnace  it  hats  been  reduced  to  a  0.125"  thick  colled  hot  band.  Test 
sanples  can  be  obtaJ-ned  at  two  stages— sheet  bair,  as  the  ends  are  squared  by 
shearing,  and  hot  band,  after  the  final  hot  reduction.  Hot  rolling  of  contract 
slabs  to  colled  hot  band  was  accomplished  in  a  routine  manner  by  the  equipment 
described  above. 

Following  hot  band  rolling,  T1-4a1-3Mo-1V,  T1-6a1-4v  and  Ti-2^Al-l6v  coils 
were  stress  relieved  at  I25OF,  slow  cooled,  and  descaled  by  \diealabrating 
and  pickling  in  a  continuous  strip  line.  They  were  then  anneailed  as  foUcrws: 

T1-6a1-4V  -  I55OF,  slow  cooled  5F/minute  maximum 

Ti-4Al-3Mo-lV  -  I65QF,  slow  cooled  JP/mlnute  maximum 

T1-2^A1-16v  -  1400F,  slow  cooled  5F /minute  maxlmam 

After  annealing,  the  colls  were  side -trimmed  to  remove  edge  defects.  From 
this  point,  processing  consisted  basically  of  cold  reductions  and  intermediate 
qnTiAqlg  until  final  gage  was  reached.  A  variety  of  equipment  was  available  and 

I 
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was  used  for  this  processing.  A  three-stand  four-high  continuous  cold  rolling 
mill  was  used  for  initial  cold  reductions.  This  followed  Crucihle's  standard 
mill  practice,  in  which  this  high-speed  mill  is  used  to  "break  down  hot  hands 
to  gages  not  lower  than  0.075"»  After  initial,  hreakdottn,  contract  colls  were 
cold  rolled  in  either  a  5^"  wide  reversing  Sendzlmlr  mill  (2"  diameter  work 
rolls)  or  a  44"  wide  four-high  reversing  mill  (8"  or  10"  dlasaeter  work  rolls). 
Selection  of  mill  for  finish  rolling  depended  on  a  number  of  factors—coll 
width  (the  Sendzimir  mill  will  not  roll  narrow  coils),  gage  to  "be  rolled  (the 
Sendzlmlr  mill  will  roll  to  thinner  gages),  type  of  alloy,  etc.  Standard  strip 
mill  equipment  was  vised  for  other  operations.  Annealing  was  done  in  either  strip 
anneal -descale -pickle  lines  or  in  batch  furnaces.  Side  trinBKrs  were  used  to 
condition  edges  after  each  cold  roll  and  surface  conditioning  wsis  done  in  strip 
inspection  euid  conditioning  lines. 

Operations  sequence  was  guided  principaU^y  by  the  results  of  Eiase  II  laboratory 
investigations,  as  mentioned  prevlouisly,  because  the  purpose  of  production  pro¬ 
cessing  was  to  verify  that  methods  developed  in  the  laboratory  for  minimizing 
titanium  alloy  strip  directionality  could  be  applied  on  production  basis. 
Practical  considerations  during  Hiase  III  mill  operations  required  that  certain 
minor  modifications  in  strip  processing  cycles  be  made  but  it  was  not  necessary 
to  depart  from  the  principal  features  of  the  cycles  devf.ilopti;d  by  Phase  II 
investigations.  Hiase  II  showed  that  Ti-6AL-4V  strip  directionality  could  best 
be  minimized  by  a  heavy  final  cold  reduction  (preferably  50^ )•  The  goal  of  ^0^ 
final  cold  i*eduction  was  not  achieved  in  production  operations^  duri.i3g  the  final 
cold  rolling  operation  the  Ti-6A1-4V  strip  was  reduced  33/t  when  edge  craaking 
hecame  severe  and  cold  rolling  had  to  be  stopped.  This  constitutes  an  Icjprove- 
ment,  hewever,  for  Ti-6A1-4'V'  strip  is  not  normally  cold  rolled  more  than  -2.0-2.% 
between  intermediate  anneals.  Intermediate  anneals  at  155QF  were  eagjloyed  in 
the  laboratory  work.  These  were  not  satisfactory  in  production  operations,  for 
after  an  anneaJ-  at  this  teaperature  the  material  was  not  in  its  most  reliable 
condition.  Annealing  at  I65QF  was  found  to  be  more  satisfactory  and  this 
annealing  temperature  was  used  for  all  but  the  initial  and  fina3.  anneals. 

Prom  the  stsuadpoint  of  processability,  excellent  results  were  achlev'^d  with 
the  Ti-4Al-3Mo-lV  alloy.  Minimum  material  loss  was  encouaterMsd  during  produedsion 
c^rations  and  our  final  cold  reduction  of  405^  approached  the  aiasd-for  505^. 

The  Ti-2^Al-l6v  alloy  is  superior  to  both  of  the  cyther  two  alloys  with  regard 
to  strip  processability.  Excellent  cold  reductions  were  obtained  (the  last 
two  were  405^  and  55?^)  and  otlwr  operations  were  performed  without  difficulty. 
Subsequent  discussion  in  this  report  will  also  show  that.  T±~2^Al-l6'V’  strip 
develops  almost  negligible  directionality. 

ftUAUrr  ‘TESTS 

Quality  tests  on  contract  heats  are  discussed  here,  in  a  separate  section, 
t^cause  they  are  not  directly  related  to  the  directionality  testing  which 
constituted  the  great  majorily  of  tests  performed  under  this  phase  of  the 
contract.  Samples  of  material  were  taken  from  the  top  and  bottom  of  each 
ingot  during  rough  forging  for  in-process  chemistry  analyses  and  mechanical 
property  tests.  These  pieces  were  reforged  to  7/8"  RCS  (T1-6a1-4v  -  175QF, 
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Ti-4Al-3Mo-lV  -  ITOOF,  Tl-l6v-2iAl  -  ITOOF)  before  testing.  All  metallic 
alloying  elements  and  interstitial  elements  were  under  good  control  and  veil 
within  taurget  composition  ranges,  as  shown  in  Table  XXVII.  Table  XXVIII 
shows  that  mechanical  properties  are  excellent.  Strengths  are  consistent 
within  each  ingot  and  ductility  values  axe  uniformly  high. 

Table  XXIX  reports  metedlic  and  Interstitial  einalytical  results  on  samples 
which  were  talcen  at  the  0.8”  thick  sheet  bar  stage  to  double-check  earlier 
analyses.  These  analyses  confirm  that  all  elements  are  under  excellent  control 
and  are  within  target  ranges,  with  the  exception  of  a  single  result  on  molybdenum 
from  one  end  of  one  Ti-4Al-3Mo-lV  ingot.  This  analysis  is  only  0.1^  above  the 
target  range  and  is  still  within  analytical  error.  Previous  analyses  on  this 
same  heat  (see  Table  XXVII)  showed  that  molybdenum  was  under  excellent  control. 

These  tests  showed  us  eatrly  in  Haase  III  that  contract  material  for  production 
try-outs  was  of  excellent  quality. 

DIRECTIONALITY  TESTS 


Hxaise  III  production  strip  was  tested  for  directionality  by  the  same  technique 
\ised  in  earlier  phases  of  this  program.  Room  temperature  tensile  properties 
were  determined  in  the  longitudinal  and  treuasverse  directions  suid  either  one 
or  three  Intermediate  directions.  Directionality  is  then  expressed  as  thife 
difference  between  maximum  and  minimum  yield  strengths  for  the  directions  tested. 
Yield  strength  is  the  properly  most  sensitive  to  dlrectionelity  variation. 
Material  was  tested  in  those  conditions  of  greatest  commercial  Interest,  i.e. 
annealed,  solution  treated,  and  solution  treated  and  aged.  Since  Tl-6Al-kV 
is  used  primarily  in  the  annealed  condition,  it  was  tested  in  this  condition 
at  all  stages  and  in  the  solution  treated  and  solution  treated  plus  aged 
conditions  only  at  final  gage.  Phase  III  strip  was  tested  at  all  intermediate 
gages  and,  in  addition,  directionality  at  final  gage  was  investigated  by 
compression  and  tensile  tests  at  room  and  elevated  teo^ratures.  Textures 
of  alpha  and  beta  phases  of  each  alloy  were  also  determined  at  final  gage. 

The  results  of  these  tests  are  discussed  below  for  each  alley. 

Ti-6A1-4V 


Room  temperature  mechanical  property  tests  and  directionality  of  Hiase  III 
T1-6a1-4V  strip  are  shown  in  Tables  XXX  through  XXXV  and  are  plotted  in 
Figures  33  through  40.  These  may  be  sunnarlzed  as  follows: 
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Dire  ct lonallty 

Phase  II 

Ffocesslng  Stage 

Condition 

KSI 

Direction 
of  Max 
Strength 

Direction 
of  Min 
Strength 

Predicted 
Dire  ct lorallty 
_  _Cksl) _ 

0.8"  thick  (sheet 

bar) 

Ann 

7.1 

L 

45“ 

2.1 

0.150"  thick  (hot 

band) 

Ann 

16.2 

T 

L 

15.7,  19-4 

0.131"  thick  (1st 

or) 

Ann 

19.0 

T 

45° 

- 

0.097"  thick  (2nd 

cr) 

Ann 

21.0 

■T 

45® 

- 

0.077"  thick  (3rd 

cr) 

Ann 

18.4 

T 

45® 

” 

0.051"  thick  (4th 

cr) 

Ann 

36.3 

T 

45® 

8.9;  7.1 

ST 

32.6 

T 

45® 

10.4 

STA 

28.2 

T 

45® 

8.7 

Mill  processed  T1-6A1-4V  strip  directionality  was  close  to  that  predicted  hy 
Riase  II  laboratory  work  at  sheet  hear  and  hot  bamd  stages  and  did  not  change 
significantly  at  Intermediate  cold  rolled  stages.  However^  the  final  mill  cold 
reduction  did  not  have  the  expected  effect  of  reducing  directionality  hut; 
instead;  increased  it.  The  cause  of  this  unexpected  increaae  in  directionality 
has  not  been  explained. 

Throughout  this  contract;  Ti-6Al-4v  strip  has  had  a  consistent  directionality 
pattern  of  minimum  strength  in  the  45**  direction  and  maximum  strength  in  ths 
transverse  direction;  particularly  after  cold  rolling  operations  have  begun. 

Aside  from  directionality  considerations;  Ti-6A1-4V  strip  machaniestl  proparfcies 
(Tables  XXX  through  XXXT)  are  quite  satisfactory  and  typical  of  this  alloy. 
Ductilities  are  uniformly  high  and  strengths  are  consistent  at  all  stages 
tested.  No  ductlli-ty  gage  effect  is  evident  for  the  material  tested  (0,051'' 
thick  eind  greater). 

CooQiresslon  test  results  at  room  temperature  and  80QF  are  shown  in  Table  XXXVI 
elevated  teaperature  tensile  test  results  are  shown  in  Table  XXXVII.  These 
data  are  plotted  in  Figures  4l  through  44.  Directionality  is  soma^Aiat  greater 
in  coopresslon  than  in  tension;  but  is  unaffected  by  elevated  temperatures: 


I 


Temperature 

CoB0)ression  RT 

SOOF 

Tension  RT 

400F 

600F 

SOOF 


Condition 

Directionality  (ksi) 

Ann 

51.2 

ST 

49.6 

STA 

61.7 

Ann 

49.7 

STA 

50.1 

Ann 

36.3 

ST 

32.6 

STA 

28.2 

Ann 

35.8 

STA 

24.1 

Ann 

34.2 

STA 

37.1 

Ann 

34.4 

STA 

38.4 

Figures  ^5  and  46  show  pole  figures  for  alpha  and  beta  phases  of  O.05I"  thick 
Ti-6A1-4V  strip  in  the  annealed  condition.  The  alpha  phase  has  a  (2110)  0)-11Q] 
texture  with  slight  deviations  about  the  rolling  direction.  This  depsui^s  from 
the  "ideal"  texture  for  hexagonal  metals  ((OOOl)  p.010l|_)  and  suggests  that 
(0001)  slip  has  been  Interfered  with  and  that  (1010)  Il21(0  is  now  dominant^ 
althou^  this  situation  has  not  been  examined  in  detail.  The  beta  phase  has  a 
(100)  \oiQ  texture  with  some  deviation  about  the  ro.lling  direction.  This  is 
basically  in  good  agreement  with  typiceJ.  textures  for  cubic  metals.  Both  of 
these  pole  figures  are  also  in  reasonably  good  as2*eefflent  with  those  of  laboratory- 
processed  material,  shown  in  Figures  7  through  10. 


T1-4a1-3Mo-1V 


Room  temperature  mechanlcaJ.  property  data  tests  etnd  directionality  of  Hiase  III 
Ti-4Al-3M3-lV  strip  are  shown  in  Tables  XXXYIII  through  XLIII  and  are  plotted 


in  Figures  47  through  52. 

Ffocesslng  Stage 

A  sumiauy 

Condition 

of  these 

KSI 

data  shows: 

Directionality 

Direction  of  Direction  of 
Max  Strength  Min  Strength 

0.8"  thick  (sheet  bar) 

Ann 

3.7 

L 

450 

ST 

10.0 

T 

450 

STA 

9.3 

T 

45® 

0.l40"  thick  (hot  band) 

Ann 

24.8 

T 

L 

ST 

21.6 

T 

45** 

STA 

26.6 

T 

L 
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Directionality _ 

Direction  of  Direction  of 


Processing  Staige 

Condition 

jei 

>Jax  Strength 

Min  Strength 

L 

0.110"  thick  (1st  CR) 

Ann 

24.3 

T 

ST 

16.7 

T 

hf 

STA 

17.5 

T 

L 

0.078"  thick  (2nd  CR) 

Ann 

27.1 

T 

L 

ST 

18.7 

T 

kf 

STA 

14.4 

T 

L 

0.057"  thick  (3rd  CR) 

Ann 

30.9 

T 

L 

ST 

27.6 

T 

450 

STA 

20.3 

T 

45® 

0.034"  thick  (4th  CR) 

Ann 

32.6 

T 

L 

ST 

24.5 

T 

L 

STA 

22.3 

T 

45" 

Mill  processed  Ti-4Al-3Mo-lV  strip  directionality  was  lowest  at  the  hot  roiled 
0.8"  thick  sheet  har  stage.  This  is  probably  the  result  of  hot  rolling  high 
in  the  alpha "beta  fields  with  little  of  the  hexagonal  alpha  phase  present  in 
the  structure.  Directionality  was  fairly  high  at  the  0.l40"  thick  hot  band 
stage  and  changed  little  during  subsequent  cold  reductions.  Once  cold  reductions 
were  started,  directionality  was  consistently  higher  in  the  annealed  condition 
than  in  either  the  solution  treated  or  solution  treated  plus  aged  conditions. 

Ti-4Al-3Mo-lV  strip  also  has  a  tendency  to  develop  icinimum  strength  in  the  45® 
direction,  particularly  in  the  solution  treated  condition,  though  this  tendency 
is  not  as  strong  as  in  the  Ti“6Al-4v  alloy. 

A  comparison  with  typical  hand  sheet  properties  indicates  that  the  Ti“4Al“3Wb“lV 
strip  being  processed  under  this  contract  has  excellent  mechanical  properties. 

The  hand  sheet  properties  used  for  compai-ison  consisted  of  a  large  quantity  of 
data  on  material  produced  by  the  Crucible  Steel  Company  of  America  vmder  Bureau 
of  Naval  Weapons  Contract  NOas  56-995c*  which  had  been  statistically  analyzed. 

The  data  show: 


Avg  UTS  Tksi) 

Avg  YS  (ksi) 

Avg  RL 

L 

T 

L 

T 

L 

T 

0.057" 

thick  Ti-4Al-3Mo-lV  strip 

208.2 

216.9 

171.9 

191.4 

3.5 

8.0 

0.063" 

thick  Ti-4Al-3Mo-lV  hand  sheet 

210 

205 

184 

178 

5.2 

6.3 

0.034" 

thick  Ti-4Al-3Mo-lV  strip 

208.1 

212.9 

186.2 

197.9 

4.5 

3.6 

o,o4o" 

thick  Ti-4Al-3Mo-lV  hand  sheet 

206 

202 

175 

170 

4.6 

5.6 

*  See  Procedures  for  Producing  Improved  Titanium  .^oy  Sheet,  Pinal  Technical 
Report,  Bureau  of  Naval  Wea^ns  Contract  NOas  5^-995c,  Crucible  Steel  Coj^pany 
of  America,  dated  3.2-30-60. 

**  Solution  treated  and  aged  condition. 
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This  comparison  cannot  be  considered  statistically  valid  for  insufficient  data 
are  available  on  strip  product.  However,  it  Indicates  that  T1-4a1“3Mo"1V 
strip  will  heat  treat  to  strength-ductility  combinations  equivalent  to  hand 
sheet  but  that,  in  spite  of  iinprovements  in  directionality  control  made  under 
this  contract,  strip  material  is  still  somewhat  more  directional. 

Compression  test  results  at  room  temperature  8uid  SOOF  are  given  in  Table  XEiIV 
and  elevated  temperature  tensile  test  results  are  given  in  Table  XLV.  ‘These 
data  are  plotted  in  Figures  53  through  56.  Compression  directionality  is  higher 
than  tension  directionality  in  the  annealed  and  solution  tireated  conditions  but 
is  about  the  same  in  the  solution  treated  and  aged  condition.  Tension  directiona¬ 
lity  is  unaffected  by  elevated  temperatures  but  compression  directionality  is 
reduced : 


Temperature 

Compression  RT 

8OOF 

Tension  RT 

40QF 

6OOF 

80CF 


Condition 

Directionality  (ksi) 

Ann 

53.4 

ST 

49.8 

STA 

29.4 

Ann 

33.4 

STA 

11.9 

Ann 

32.6 

ST 

24.5 

STA 

22.3 

Ann 

27.4 

STA 

27.8 

Ann 

25.7 

STA 

32.3 

Ann 

25.6 

STA 

31-3 

Figures  57  aJid  5^  show  pole  figures  for  alpha  and  beta  phases  of  0.034"_thicii£; 
T1-4AL-3Mo-1V  strip  in  the  annealed  condition.  The  alpha  phase  has  a  (2110) 

COIIOH  texture  with  slight  deviations  about  the  rolling  direction,  identical 
to  the  alpha  phase  texture  of  Ti-6A1-4V  strip.  As  in  the  case  of  T1-6AI-4V 
strip,  this  texture  departs  from  the  "ideal"  for  hexagonal  metal-s.  This  departure 
is  probably  caused  by  deformation  mecheuiisms  in  addition  to  (OOOl)  slip.  The 
Ti-4Al“3Mo-lV  heta  phase  has  a  (lOO)  [£>113  texture  but  an  anomalous  pole 
distribution  was  observed  in  the  central  region  of  the  figure. 

T1-2^-16v 


Room  temperature  mechanical  property  tests  eind  directionality  of  Hiase  III 
Ti-2^Al-l6v  strip  axe  shown  in  Tables  XLVI  through  LI  euid  are  plotted  in 
Figures  59  through  64.  The  following  is  a  summary  of  these  data: 
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Directionality 


Direction  of 

Direction  of 

Processing  Stage 

Condition 

KSI 

Max  Strength 

MLn  Strength 

0.8"  thick  (sheet  bar) 

Ann 

7.7 

T 

L 

ST 

9.3 

T 

L 

STA 

7*9 

T 

45® 

0.136"  thick  (hot  bauid) 

Ann 

11.5 

T 

L 

ST 

0.9 

T 

45® 

STA 

8.0 

T;  45® 

L 

0.100"  thick  (1st  CR) 

Ann 

3.7 

T 

45® 

ST 

9.6 

L 

T 

STA 

7.2 

T 

L 

0.080"  thick  (2nd  CR) 

Ann 

3.2 

T 

L 

ST 

3.3 

T 

L 

STA 

7.6 

T 

L 

0.045"  thick  (3rd  CR) 

Ann 

7-1 

T 

671® 

‘ 

ST 

2.4 

45® 

T 

STA 

4.4 

22^ 

67|® 

0.021"  thick  (4th  CR) 

Ann 

9.9 

T 

L 

ST 

6.2 

T 

45® 

STA 

7-3 

675® 

45® 

TI-23AI-I6V  strip  directionality  is  negligible.  The  data  indicate  that  at  no 
thickness  would  directional.ity  cause  problems  in  either  fabrication  or  heat 
treating  to  minimum  strength  and  ductility  values. 


As  was  the  case  for  the  Ti-kAl-3Mo“lV  elloy,  a  con^parison  with  typical  hand 
sheet  properties  indicates  that  Tl“2^Al‘-l6v  strip  has  exceptionally  good 
mechanical  properties.  This  comparison*  follows: 


Avg  UTS^ksi) 

Avg  YS*tksi) 

Avg  EL** 

L 

T 

L 

T 

L 

T 

0.100" 

thick  TI-27AI-I6V  strip 

172.2 

179.5 

157.8 

165.0 

7.3 

7.0 

0.096" 

thick  Ti-2|Al-l6v  hand  sheet 

175 

183 

163 

172 

5.6 

5.6 

0.045" 

thick  T1-24a1-16V  strip 

161.8 

163.7 

149.1 

151.7 

8.0 

7.8 

0.040" 

thick  Ti“2|Al-l6v  hand  sheet 

169 

176 

157 

165 

5.0 

5.0 

0.021" 

thick  T1--24a1-16v  strip 

162.5 

169.4 

149.3 

153.7 

6.5 

0.025" 

thick  Tl-2iAl-l6v  hand  sheet 

179 

183 

162 

167 

3.6 

4.5 

See  Procedures  for  Producing  Improved  Titanium  Alloy  Sheets 'Final  Technical 
Report;  Bureau  of  Navel.  Weapons  Contract  NOas  56-995c;  Crucible  Steel  Go. 
of  America;  dated  I2-3O-6O;  for  data  and  statistical  analysis  of  Ti-2^1“l6v 
hand  sheet  properties. 

**  Solution  treated  and  aged  condition. 
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More  test  results  on  strip  product  woxild  be  required  to  make  this  comparison 
statistically  valid,  but  it  indicates  that  the  directionality  of  Ti-22Al-l6v 
strip  will  probably  be  lower  than  that  of  hand  sheet.  Strip  also  has  substan¬ 
tially  higher  ductility  than  hand  sheet.  This  higher  ductility  is  due  in  part 
to  the  lower  heat  treated  strength  of  the  strip  but  strip  processing  per  se  is 
believed  to  have  contributed  also,  by  greater  structural  refinement  through 
cold  work.  Further  testing  has  Indicated  that  another  heat  treatment  will  produc 
substantially  higher  aged  strengths  at  some  ductility  sacrifice  so  that  a  range 
of  properties  is  available. 

Compression  test  results  at  room  temperature  and  80QF  are  shown  in  Table  LII 
and  elevated  temperature  tensile  test  results  are  shown  in  Table  LIIl.  These 
data  are  plotted  in  Figures  65  thru  68.  Elevated  temperatures  have  no  signifi¬ 
cant  effect  on  directionall'ty,  as  determined  by  either  compression  or  tensile 
testing : 


Temperat\ire 

Condition 

Directionality  (ksi) 

Compression 

RT 

Ann 

8.4 

ST 

10,2 

STA 

10.9 

8OOF 

Ann 

13*6 

STA 

15.4 

Tension 

RT 

Ann 

9.9 

ST 

6.2 

STA 

7.3 

400F 

Ann 

11.7 

STA 

11.6 

6OOF 

Ann 

11.2 

STA 

5.2 

8OOF 

Ann 

9.0 

9.0 

Figures  69  and  70  show  pole  figures  for  alpha  and  beta  phases  of  0.040"  thick 
Ti-2^^Al-l6V  strip  in  the  annealed  condition.  The  alpha  phase  has  a  (OOOl) 
COllOl  texture,  which  is  substantially  different  from  the  al.pha  phase  textures 
of  Ti-6A1-4V  and  T1-4a1-3Mo-1V  strip  (Figures  45  and  57)-  Ti-2^1-l6¥  alpha 
phase  deformation  appears  to  be  principally  by  (0001 )  slip,  which  results  in 
a  texture  in  very  close  agreement  with  the  "ideal"  for  hexagonal  metals.  The 
Ti-2iAl-l6v  beta  phase  has  a  (lOO)  CoiO  texture,  similar  to  the  beta  phase 
textures  of  Ti-6A1-4V  and  T1-4a1-3Mo-1V  strip  and  typical  of  cubic  metals. 

CRACK  FROPAGATIOH  RESISTANCE 

Crack  propagation  tests  were  made  on  the  three  titanium  alloys  processed  under 
this  contract  to  examine  their  notch  sensitivity  and  to  determine  if  notch 
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sensitivity  is  affected  by  test  direction.  Specimens  were  tested  in  the  most 
common  commercial  conditions,  i.e.  Ti“6Al.-4V  in  the  annealed  condition  and 
Ti-4A1"3M0”1V  and  Ti-2^Al-l6v  in  the  solution  treated  and  solution  treated 
plus  aged  conditions. 

The  specimen  used  for  these  tests  was  simllag  to  the  one  developed  by  Srawley 
and  Beacham  at  the  Naval  Research  Laboratory  •  It  consists  of  a  center- 
notched  tensile  specimen  which  is  subjected  to  axial  tension  fatigue  loading 
to  induce  a  transverse  crack  which  constitutes  am  ultra-sharp  notch.  The  ratio 
of  total  crack  length  to  specimen  width  is  in  the  range  of  .35  to  .4^.  The 
net  fracture  stress  or  notched  tensile  strength  in  a  subsequent  tensile  test 
is  fairly  independent  of  this  ratio  in  this  range.  Approximately  I5  minutes 
of  cycling  in  a  tension-tension  fatigue  machine  initiated  and  propagated  the 
crack  to  the  desired  length.  The  transverse  fatigue  crack  was  placed  in  solution 
treated  plus  aged  specimens  before  the  aging  treatment. 

In  this  test  the  ratio  of  net  fracture  stress  to  ultimate  tensile  strength  is 
usually  the  basis  for  Judging  materials.  Ratios  of  less  than  about  .6  are 
taken  as  an  indication  of  notch  sensitivity,  or  the  inability  to  resist  pro¬ 
pagation  of  cracks  in  the  presence  of  ultra-sharp  notches.  Ratios  above 
about  .6  indicate  good  resistance  to  crack  propagation.  Therefore,  it  is 
believed  that  high-strength  materials  with  HF'S/UTS  ratios  above  .6  will  behave 
reliably  in  highly  stressed  structures. 

Test  results  are  given  in  Table  LIV.  The  hipest  NFS/lITS  ratios  obtained 
(.98O-I0O57)  were  for  annealed  Ti-6Al-4V  strip.  This  was  not  unexpected, 
because  of  its  relatively  low  strength. 

Eie  T1-4a1-3Mo-1V  and  Ti-2^Al-l6v  alloys  sure  readily  heat  treated  to  hig^ 
strengths  commercially  euid  were  therefore  tested  in  these  high  strength 
conditions.  Aged  Ti-2^AL-l6v  strip  appeeurs  to  be  superior  to  aged  Ti-4A1.“3M0“1V 
strip  in  its  resistance  to  crack  propagation.  At  yield  strengths  of  150,000 
to  156,000  psi,  NFS/UTS  ratios  of  .760  to  .833  were  obtained  for  Ti “-24^.1  “l6v 
strip  while  NFS/uTS  ratios  of  .4l6  to  .6o4  were  obtained  for  Ti“4AL'"3!ffc“‘17 
strip  at  yield  strengths  of  164,000  to  105,000  psi.  The  data  show  that  the 
Ti-25Al~l6v  aging  treatment  does  not  result  in  a  loss  of  crack  propagation 
resistauice,  as  might  he  expected  of  the  less-ductile  higher-strength  material. 

Ti-4Al-3Mo~lV  strip  has  excellent  crack  propagation  resistance  (NB’S/utS  ratios 
of  .825  to  .956)  in  the  solution  treated  condition  but  loses  this  resistauiee 
when  aged  to  high  strengths. 

The  crack  propagation  test  described  here  has  not  been  widely  used  in 
evaluating  high-strength  titamium  alloy  sheet,  but  the  limited  test  results 
available  indicate  that  Ti -2^/11-167  strip  heat  treated  to  150,000  psi  yield 
strength  has  exceptionally  good  crack  propagation  resistance. 

In  aQ.1  cases,  crack  propagation  resistance  was  not  significantly  affected  by 
test  direction. 


J.  E.  Srawley  and  C.  D.  Beacham,  Crack  Rronagatlon  Tests  of  High-Strength 
Sheet  Steels  Usi^  Siiui.ll  Specimens.  URL  Report  51--7>  Naval  Research  Iiabora- 
tory,  Washington,  D.C.,  April  9#  1958. 
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CONCLUSIONS 


The  program  conducted  vmder  this  contract  shows  that  the  Tl-2iAl-l6v  alloy 
meets  all  the  requirements  for  strip  processing.  Ti-2|Al-l6v  strip  develops 
almost  negligible  dlrectiozxallty,  is  easily  handled  in  strip  mill  equipment, 
amd  in-process  material  yield  is  high.  Also,  canparlson  to  data  on  Tl-2^Al-l6'V' 
hand  sheet  indicates  that  strip  product  has  a  better  strength-ductility  cooiblna- 
tlon. 

While  this  program  developed  a  substantial  body  of  knowledge  concerning  th@ 
strip  processing  of  the  Ti-6Al-4v  and  Ti-4Al-3Mo-lV  alloys,  directionality 
is  higher  than  that  of  hand  sheet.  This  effect  is  greater  helow  about  O.060'' 
thick  material.  Also,  final  directlonali-ty  of  Ti-6Al-4v  strip  processed  under 
Phase  III  of  this  contract  was  higher  them  predicted  by  Hiase  II  laboratory 
investigations . 

Crack  propagation  resistance  of  Ti-2^1-l6v  strip  heat  tieated  to  high  strengths 
is  excellent. 


-32- 


■p 


5 

I 

0) 

a 

I 


o 


OJ 

H 


O 

m 

4) 

•ri 

■P 

I 


ll 


(3) 

yield  Strength 
Directionality 

NO 

« 

cy 

NO 

NO 

CO 

lA 

• 

t- 

CO 

ON 

• 

CO 

NO 

• 

On 

H 

CO 

LA 

's. 

4)  CVl] 

f  .  w  ^ 

-it  CO  CO 

CO  CO-4- 

CO  CO  CO 

OJ  OJ 

CVJ  CO 

CO  CO 

mn 

1> 

Reduction 
in  Area 

-:t  ON 

NO  OJ  d 

OJ  lA  lA 

H.4-  OJ 
•  •• 

lA  lANp 

OJ  CO^ 

CO  LACO 
«  •  • 
00  H  C~- 
0J.4--4- 

-4  O 

.  « 

NO  f- 
LA  LA 

NO  CO 

.  • 

l-CVI 

H  CO 

t-oo 

«  • 

CJNNO 
-4  -4 

§. 

•H  S 

4.-)  VO 
00  0 
^,o 

0  C3 

O  CO  CO 

0  «  • 

lA  CO  CO 
H  H  H 

CO  lACO 

•  •  • 

CO  OJ  CO 
H  H  H 

13.3 

lk,2 

10.0 

CO  CO 

•  • 

CO  CO 

OJ  OJ 

CO  C- 

CO  O 

•  • 

CO  O 
CVl  CVJ 

Yield 

strength 

ksi 

ON-4-  lA 

«  •  • 

CO  -4-  CO 

OJ  COIA 

H  H  H 

ONONO 

•  *  -« 

CVJ  CO 
OJ  CONO 

H  H  H 

0-4  la 

•  •••  ♦ 

HNO  CO 
CO  cn<o 

H  H  H 

O  ON 

CJN  LA 

»  . 

CO  CO 

NO  00 

H  H 

CVf  o 

^8 

H 

C!  O  S 

■H  -P  O 

V  O  V 

^  S’  ^ 

4) 

gl 

m  ^  H 


^  cvi  ^~'  u^H^-  oirsH 


a 

o 

•H 

•p 

tI 

I 

o 


H  ^  <n 

ITN^VO 

H  H  H 


.ei 


o  o  o 


TJ 

,  «> 
<>8  H 
O 

-P  'd  O 

o  4)  y 

- 


H  H  H 


lA  H  On 
JA  lA 
rH  H  H 


lAoO 

•  * 

-d-  lA 

H  H 


EH  EH 


O  O  O 


o  o  o 

O  lA  Q 

j-  9\ 


o  o 


o  cn 

8'S 

CVJ  w 


pj  eh 


o  o 


n 

< 


O  "H 
^  OS 


-p 

O 

xt 

43 


o8 

•d 

V 

d 


•d 

4) 

d 

o 

u 


O  -H 

U  0 


•P 

43 


c8 

•d 

4> 

d 

o 


"d 

4) 

d 

o 

o 

■H 

d 


d 

o 

•rl 

I 


Q> 

4>  CJ 


g 

•H 

n 


CO  o 

•  • 

NO  NO 
^  lA 
H  H 


*A  Eh 


o  o 


SB  S\  10 

•''d  ^ 

<M  < 

NO  „  Ol 

iH  iH 


O 

•H  4) 


It  I 
-§  sld 


t~- 

t-- 

H 


rH 


c- 

t- 


(Continued) 


^+3  0 
OO  CQ  "H 

w  43 
TJ  O 
H  4) 
0) 


Cl  ^ 
O  0) 
•H  <U 

>#!,0  <3 

>§  fl 
0)  •H 
K 


a 

o 

“rl  * 

■pvo 

00  • 

O  C! 


0)  0)  a 
<M  M  43 


V 

4^  4>  f. 

J  d  a  -H 

5  s 


Cl  o  o 

■H  43  t) 
0  0  4) 
0)  4)  Cl 
ft  ftj4 
CO  la  P 
4>  . 

«fcj  «  SP 


o  o 


ai  8n  01 

"S  •»'0  ^ 

43  Oti  4)  o 

«5  tr\  m;cI 

S  r4 


0) 

■P  Cl  "H 
^  o5  oJ  H 

«  d 

|<8 


00 


•H  4) 


(3  aJ  ^  01 

•HO)  •'’tJ  5 
43  43  b  4)  Q 

fj  aj  P,  Mpd 

H  4)  ft  < 

o  Cl  \q  „  c\J 

W  E4  H  ®8  H 


■ 

(D 

•H  4) 

d  i* 

QQ 

OT  0 

d 

4)  Cl 
^1  ft 

(Q 

.Q 

§ 

Of 

are 

Cl-:t 

O 

•H 

^  § 

O 

o  in  • 
H  M 

01  oT  S 

4)  3 

43  «! 
as  Cl  4) 
O  4)  W) 

•Jj  -s  a 

icS  0  til 

H  si  aJ 


H  CV! 


(3)  /  indicates  higher  transverse  properties. 


TABLE  II 


I 


S3 

ov 

H 

VO 

ON 

-P  O 

• 

« 

« 

• 

on  IQ  Ti 

on 

lA 

on 

w  .  +> 
t)  O 

r-l 

CM 

CM 

H 

H  45 
45  U 
•rl  •H 

H  P 

Break 

on  CM  CM 

CM  on-d 

CM  on-d 

OJ 

^  C! 
<15  *rl 
P5 


<D  ir\cvj  moO  l>-  H 

•  ••  •*•  ••• 

ONCVIVO  O  H  CVI  COCO-:t 

cvj  on  H  ononH  cncnH 


CM  on  t~- 
H  H 


C^O  H 

•  «  o 


t~  on  O 


on^o  CM 

•  •  • 

<?sCAH 


ITNt-VO 

«  •  • 

VO  CO  C3\ 


t— VO  on 

CM0O(» 
CM  cm3 
H  H  H 


<15  ,d 
+j  4)  -P 


•H  n  v  m 
■p  O  M  » 
H  «)  -P 

S  &<  » 


CMonH  lo,^  on  ^VJD  CM 


t- on 
CM  CM  J- 

fH  rH  I— i 


on  on  CD 
on  on  ifv 
H  H  H 


OS-d-  CQ 
CM  oniA 
H  H  H 


CS 

Cl  o  o 

•H  -P  CJ 
C3  O  «5 

$  V  ^ 

&  Is 

S 

00  ^  H 

3^1 


hqE^P^E^P^E^^4e^. 


o  o  o 

O  VA  O 

^  9\ 


o  o  o  o  o  o 


O  O  O  O  ( 


■P  >0  o 
o  4)  O 

^2-3 


•P  »d  6 

O  0)  o 


+5  O 

o  o  o 


H  4)<I) 

o  f<  on 

to  -P  H 


TJ  m 

4)  •v'd  H 

.  -P  b  4>  P 

P  45  5  M  O 

H  45  CO  <  43 

O  h  on 

W  +>  H  o8  ^ 


^  Cl  -P  H 
H  4)  W  Q 


8 

b 

b 

b 

ir\ 

lA 

ITN 

LA 

VO 

on 

VO 

H 

H 

rH 

H 

i45QF  Solution  o’  (L)  109.4  50.6  26.7  40.9  2  /  11.6 

treateii  90°  (T)  109.7  62.2  25.0  47.2  3 

138aF,  W.Q. 


I 


ON 


tH 

fO  CO  (d  r-1 


ITN 

rH 


CVl  OO 


•  •  »" 

VO  W 
poif 


rot- 

SJd 


cvi  t~- 

t  • 

o  o\ 

uMr\ 


ooo 

H  r-t 


t- 


CVJ^ 


CO  CO 


8i 


t- 

CVJ 


o  t- 

•  • 

ovo 

1—1 


t-  H 

*  • 

UN  ro 
VO  c^ 
r-1  H 


ON^ 

..  ,  r- 

UN  VO 
t^OO 
I— 1  H 


•i!i  .dS.  ■ 


O  O  o  ^ 


§ 

•H 

I 


n3 

V 

% 


r— I  ®8 


SCO 
CO 

W  EH  H 


h 

if\ 

CO 

H 


O 

A 

CQ 

to 

I 

4> 

U! 

0} 

-P 

I 

T! 

tH 

H 


I 


W) 

E 

VO 

• 

o 


»d 

0) 

(Q 

<0 


CQ 

l| 

I" 

bO  w 
•H 
d  ^ 
(U  S 

|8 

fl?  § 
0.  ^ 
rd  a) 

■a " 

u>  d 

o 

II 

o  a 

aS  (Q 

•H 

•H  S 
C5 
>-i 

>Q  b 


-p 

d 

rH 

Vi 

0) 

ta 

•ri 

CQ 

i 


bO 


C!  J-1 
J>  (U 
ft  'ti 
to  05 


0) 


»r-i  S 

EC  r-i 

d  0) 

(U  ?■ 
+5  *r! 
CC 

Pj  '<£2 

•H  a> 
Pc 

0)  U 


p 

(p 

o 


ft 


0) 

d-^  M 


-d  g 

"S  i  ® 

o  ^ 

O  CO  o 

H  bO 

m  (M  oS 

4) 

+5  m  (U 
05  P  T) 
O  «>  •ri 
EQ 

r,  ^ 

H  !2!  O 


CV! 


(3)  /  indicates  higher  transverse  properties. 

Reference  2h 


I 


9% 


S  43' 
M-H 
d  H 

si 

ov 

tc- 

t— 

lA 

ON 

■P  O 

« 

• 

* 

• 

• 

CQ  -H 

CO 

o 

VO 

CO 

■P 
•d  o 

on 

on 

CVJ 

CVJ 

•5}  S 

CVJ 


rH 


a 

h 


c» 

cvj 


00 

t- 


<» 

00 


H 

VO 


o 

o\ 


vo 


00 

CO 


-d  § 

VO 

ON 

H 

H 

00 

CVJ 

H  d  -H 

• 

* 

• 

• 

• 

• 

• 

«}  aj  <Q 

CVJ 

on 

CVI 

:? 

<r> 

on 

on 

•H  >4  44 

on 

-Sj* 

lA 

rH 

iH 

rH 

rH 

H 

rH 

rH 

43  0)  x>. 


<1)  :p 

Eh  0> 


d 

o 

•H 

1'^ 


00 

ON 

m 

H 


CO 

R 

H 


VO 

l/\ 


o 

lA 

H 


if\ 

H 


H 

cn 


VO 

On 


on  VO 

•  » 

t--  o 

H 


cu 


-4' 

lA 


fO 

ON 


CVJ 

-d- 

u^ 

H 


•d 

C- 

CVJ 

CVJ 

cu 

rH 

CO 

r-J 

d  -H 

• 

« 

• 

* 

• 

• 

0 

a) 

a)  to 

en 

on 

lA 

VO 

00 

VO 

rH 

f  n 

h  44 

CVI 

rH 

rH 

rH 

rH 

rH 

-4* 

,  >H 

H 

rH 

rH 

H 

r-i 

rH 

rH 

a) 

■p  a) 

4i 

S 

00 

CVJ 

-4- 

ON 

O 

rH 

on 

R  hH 

d  -H 

« 

• 

• 

• 

• 

• 

•3  to 

OJ  to 

m 

m 

CO 

o 

00 

t— 

lA 

"d 

■p  d 

h  44 

m 

on 

CVI 

cn 

on 

m 

lA 

•d 

a) 

d  i** 

+> 

rH 

rH 

rH 

H 

rH 

rH 

rH 

9> 

p> 

S  EH 

CQ 

t> 

a 

a> 

(U 

* 

a> 


+> 

CQ 


C 

O 

lA 

LA 

lA 

D- 

On 

c 

t- 

lA 

CVI 

CVJ 

lA 

CO 

CU 

cu 

rH 

rH 

O 

O 

O 

o 

I  I  I  I  I  I  I 

g  S  S  g  6  g  6 


to 

0) 

T-i 

+> 

I 

h 

Pt 

9> 

to 

p 

CO 


■'S 


>0 

ID  H 

fl)  H  0) 

H  H  >0  P5  d  rd 

i-i  o  at  o 

O  (d  H  M  tH  «S 

“  (0  «  +>  a) 


i 


I 


I 


w  5 

•xJ  o 

•51  S 


V 

n 

n 

3 


a 
o 

•H 

'oS 

o 


I 

I 


4>  ^ 

"uf. 

at)  m 

(U  -p 
&H  ca 


§ 

S 

o 


H  a  -H 

4)  V  ca 
Tt  fl  ^ 


4)  .a 

■P  4)  -p 

I 

•H  a  4)  n 
.•p  a  p  j4 


lf\ 

o 

CVJ 

o\ 

t- 

b— 

• 

« 

• 

• 

>  • 

• 

CO 

Si 

ITv 

VO 

t- 

O 

H 

CVI 

H 

H 

1 

'H. 

O 

t- 

-:t 

ON 

• 

« 

• 

• 

• 

• 

o 

CVJ 

oo 

fO 

cn 

rH 

H 

H 

rH 

on 

iH 

00 

•—1 

rH 

O 

• 

• 

• 

• 

• 

• 

>- 

CJ\ 

iC\ 

OO 

OJ 

OJ 

on 

on 

on 

on 

H 

r-r 

H 

H 

H 

o\ 

VO 

t- 

O 

H 

o 

• 

• 

• 

• 

• 

• 

ON 

t^ 

iH 

O 

on 

VO 

on 

-4* 

lA 

CT) 

H 

H 

H 

•H 

rH 

H 

-a 

lA 

ov 

lA 

\0 

ON 

« 

«. 

• 

• 

• 

« 

on 

CM 

on 

OJ 

Jt 

-4- 

rH 

rH 

rH 

rH 

rH 

H 

CO 

rH 

VO 

CM 

a- 

on 

• 

o 

CO 

rH 

3 

« 

o 

CVI 

rH 

• 

3 

• 

-4- 

• 

lA 

rH 

ov 

ON 

33 

H 

• 

• 

• 

• 

• 

• 

CM 

t- 

CVI 

on 

VO 

lA 

-4 

m 

CO 

on 

CO 

on 

H 

rH 

rH 

rH 

r-i 

H 

♦ 


4) 


•P 

03 


s  s 

O  ir\ 

ITN  w 

C-  H 


I  I 


I  I 

s  g 


s 

IfN 


I 


c 


I 


g 


I  I 


e  e 


m 

0) 

Vi 


rr 

I 


(0 

a 

te 

tf\ 

4) 

n 

CVJ 

M 

4) 

•p 

■p 

4) 

CQ 

a 

O 

o 

a 

1 

45 

a 

OS 

a 

4) 

u 

nH 

4h 

4) 

OS 

TABLE  V 


Hot  Rolling  1.50"  Thick  T1-6A1-4V  81aTa  to  0,75"  Thick  Sheet  Bar 


Thickness  Furnace  Temperatures 


Pass 

Before 

After 

Reduction 

% 

Test  11 

Test  21 

Test  31 

1 

1.50" 

1.19" 

20.6 

188CF 

203OF 

218QF 

2 

1.19" 

0.95" 

20.2 

1875P 

2025F 

2175F 

3 

0.95" 

0.75" 

21.0 

1870F 

202C3F 

217aF 

Test  12 

Test  22 

Test  32 

1 

1.50" 

1.30" 

13.3 

I87OP 

2020P 

217OF 

2 

1.30" 

1.13" 

13.1 

I865F 

2015F 

2165F 

3 

1.13" 

0.99" 

12»k 

I86OP 

201QF 

216OF 

k 

0.99" 

0.86" 

13.1 

1855P 

2005F 

2155F 

5 

0.86" 

0.75" 

12.8 

l85aF 

2000F 

2l5aF 

Annealed  Tensile  Properties 
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Annealed  2  hours  at  1550®";  slow  cooled  5F/nilnute  to  105CF  -  diameter  tensile  specimens 
Hot  rolling  procedtire  described  in  Table  V. 

Angle  from  rolling  direction. 


TABLE  VII 


Hot  Rolling  0.7^0"  Thick  T1-6a1-4V  Sheet  Bar  to  0,12?"  Thick  Hot  Band 


Thickness  Furnace  Temperatures 


Pass 

Before 

After 

Reduction 

__  3^  .: 

Test  11 

Test  21 

Test  31 

1 

0.750" 

0.580" 

22.6 

1720? 

I87OF 

2020? 

2 

0. 580" 

0.450" 

22.4 

170  5F 

185  5F 

2005? 

3 

0 

d 

0.350" 

22.2 

169OP 

184oF 

I99OF 

h 

0.350" 

0.270" 

22.8 

1675F 

182  5F 

1975F 

5  , 

0.270" 

0.210" 

22.2 

1660? 

181a? 

1960? 

6 

0.210" 

0.160" 

23.8 

i645F 

1795F 

I945F 

7 

0.160" 

0.125" 

21.9 

1630? 

178OF 

1930? 

Test  12 

Test  22 

Test  32 

1 

0.750" 

0.640" 

13.3 

1700? 

I85OF 

2000? 

2 

0.640" 

0.540" 

15.6 

1685? 

183  5F 

1985? 

3 

0.540" 

0.466" 

14.8 

1670? 

1820? 

1970? 
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0.460" 

0.390" 

15.2 

I655F 

180  5P 

1955? 

5 

0.390" 

0.330" 

15.4 

l640P 

1790? 

1940? 
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0.330" 

0.280" 

15.1 

1625F 

1775F 

1925? 
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0.280" 
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i4.3 

i6]D? 
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1910? 
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0.240" 

0.200" 

16.6 

1595F 

1745F 

1895F 
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0.200" 
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158OF 

1730F 

i88qf 

10 

0.170" 

0.i45" 

i4.7 

1565F 

1715? 

1865? 

11 

0.145" 
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13.8 

155OP 
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Annealed  2  hoiirs  at  l^^OFf  slow  cooled  5F /minute  to  lOJOF  -  standard  flat  tensile  specimens 
Hot  rolling  procedure  described  in  Table  VTI. 

Angle  from  rolling  direction. 


Heat  Treated  Tensile  Properties  of  0.125'*  Thick  T1-6ai-Uv  Hot  Band 
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TABLE  X 


Process  lA  : 


Process  IB  : 


Process  1C  : 


Process  ID  : 


Bagperiaental  Cold  Rolling  and  Annealing  Cycles 

1.  #11  material  annealed  2  hours  at  155QF,  slow  cooled 
5F/mlnute  to  1050Br,  sdr  cooled. 

2.  Cold  rolled  (.l44"  to  .101"). 

3.  Stress  relieved  10  minutes  at  l45G!F,  air  cooled. 

4.  Cold  rolled  3<yf>  (•099"  to  .069"). 

5.  Stress  relieved  10  minutes  at  l450P,  air  cooled. 

6.  Cold  rolled  31^6  (.065"  to  .045"). 

7.  Annealed  2  hours  at  155C®’;  slow  cooled  5P/mlnute 
to  IO5QF,  air  cooled. 

1.  #11  material  atmealed  5  hours  at  15^CF,  slow  cooled 
5F/nlnute  to  IO50P,  air  cooled. 

2.  Cold  rolled  295t  (.142"  to  .101"). 

3.  Stress  relieved  10  minutes  at  l45QP,  air  cooled. 

4.  Cold  rolled  30^t  (.094"  to  .066"). 

5.  Stress  relieved  10  minutes  at  l45QP,  air  cooled. 

6.  Cold  rolled  30^  (.064"  to  .045"). 

7.  Annealed  5  hours  at  155QP,  slow  cooled  5P/minute 
to  1050iP,  aiir  cooled. 

1.  #11  material  annealed  2  hours  at  1550®*#  slow  cooled 
5F /minute  to  I05OP,  air  cooled. 

2.  Cold  rolled  24.8^  (.122"  to  .092"). 

3.  Annealed  2  hours  at  1550F,  slow  cooled  S^/nlnute 
to  1050F,  air  cooled. 

4.  Cold  rolled  28.8^6  (.090"  to  .064"). 

5.  Annealed  2  hours  at  155CP>  slow  cooled  5P /minute 
to  105QP/  air  cooled. 

6.  Cold  rolled  30.6^t  (.062"  to  .043"). 

7.  Anneeded  2  hours  at  1550®'/  slow  cooled  5P/iBinute 
to  I05QF/  adr  cooled. 

1.  #11  material  smnealed  5  hours  at  1550?,  slow  cooled 
5F/minute  to  1050(P,  air  cooled. 

2.  Cold  rolled  20.4^  (.122"  to  .097"). 

3.  Stress  relieved  10  minutes  at  l45QF,  air  cooled. 

4.  Cold  rolled  20.2^t  (.094"  to  .075"). 

5.  Stress  relieved  10  minutes  at  l450F,  air  cooled. 

6.  Cold  rolled  20.6^t  (.073"  to  .058"). 

7.  Stress  relieved  10  minutes  at  l450P/  air  cooled. 

8.  Cold  rolled  19*7^^  (.056"  to  .045"). 

9.  Annealed  5  hours  at  1550®"/  slow  cooled  5®'/ininute 
to  105QF/  air  cooled. 


TABLE  X 
(Continued) 


Process  IZ  :  1. 


2. 

3. 

k, 

5. 

6. 

7. 

8. 

9. 


Process  IF  :  1. 


2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 


Process  10  :  1. 


2. 

3. 


4. 

5. 

6. 

7. 

8. 


#11  material  solution  treated  10  minutes  at  l80C!P, 
8dr  cooled,  followed  by  annealing  2  hours  at  1550IP, 
slow  cooling  5P /minute  to  105QP,  air  cooling. 

Cold  rolled  21. (.122"  to  .09b"). 

Stress  rellered  10  minutes  at  l4SQF,  air  cooled. 
Cold  roUed  20.6^6  (.095"  to  .076"). 

Stress  relieved  10  minutes  at  l45QF,  sir  cooled. 
Cold  rolled  20.6^  (.073"  to  .058"). 

Stress  relieved  10  minutes  at  1450IF,  air  cooled. 
Cold  rolled  19.75^  (.056"  to  .045"). 

Aimealed  2  hours  at  159CF,  slow  cooled  5F/mlnute 
to  1050?/  air  cooled, 

#11  materieJ.  solution  treated  10  minutes  at  18OQF, 
air  cooled,  followed  by  annealing  5  hours  at  1550®* > 
slow  cooling  5P/ndnate  to  I05CF.  air  cooling. 

Cold  rolled  2156  (.144"  to  .ll4"). 

Stress  relieved  10  minutes  at  l45CIF,  air  cooled. 
Cold  rolled  20^6  (.107"  to  .086"). 

Stress  relieved  10  minutes  at  l45QF,  air  cooled. 
Cold  rolled  17.9^^  (.084"  to  .069"). 

Stress  relieved  10  minutes  at  1450?,  edr  cooled. 
Cold  rolled  20.95^  (.062"  to  .049"). 

Annealed  5  hours  at  1550?;  slow  cooled  5F/minute 
to  IO5OF,  air  cooled. 

#11  material  solution  treated  10  minutes  at  I8OCI', 
edr  cooled.  Annealed  5  hours  at  1550IF,  slow  cooled 
5F/minute  to  105QF,  air  cooled. 

Cold  rolled  30^6. 

Annealed  5  hours  at  1550? >  slow  cooled  5? /minute 
to  1050?,  air  cooled. 

Cold  roUed  30^^. 

Annealed  5  hours  at  1550?^  slow  cooled  5F/minute 
to  IO5OF,  edr  cooled. 

Solution  treated  10, minutes  at  I80Q?,  edr  cooled. 
Cold  rolled  305^. 

Annealed  5  hours  at  1550?,  slow  cooled  5P/minute 
to  105CF,  air  cooled. 


TABLE  X 
(Contintifid) 


Process  IH 


Process  IJ 


1.  #11  material  eamealed  5  hours  at  1550?#  slow  cooled 
5B’/fflinute  to  1050F,  air  cooled. 

2.  Cold  rolled  24.6^. (.122"  to  .a92"). 

3.  Annealed  5  hours  at  1550P#  slow  cooled  5P/ffllnute 
to  IO5OF#  air  cooled. 

4.  Cold  rolled  30.h^  (.092"  to  .06h”). 

5. '  Annealed  5  hours  at  155CP#  slow  cooled  5PA>inute 

to  105CF,  edr  cooled. 

6.  Cold  rolled  29.5^  (.061"  to  .043"): 

7.  Annealed  5  hours  at  1550?,  slow  cooled  5? /minute 
to  105c?,  air  cooled. 

1.  #11  material  solution  treated  10  minutes  at  18OC?, 
air  cooled.  Annealed  5  hours  at  1550?,  slow  cooled 

’  5? /minute  to  IO50?}  air  cooled. 

2.  Cold  rolled  SOf,. 

3.  Annealed  5  hours  at  1550? ,  slow  cooled  5? /minute 
'  to  105QP,  air  cooled. 

4.  Cold  rolled  3056. 

5:  Annealed  5  hours  at  1550?,  slow  cooled  5? /minute 
to  IO50P,  air  cooled. 

6.  Cold  rolled  30^» 

7.  Solution  treated  10  minutes  at  IBOOF,  air  cooled. 

8:  Cold  rolled  30^6. 

9«  Annealed  5  hours  at  1550?,  slow  cooled  5P/minute 
to  105c?,  air  cooled. 


Process  IK  : 


1. '  #11  material  stress  relieved  10  minutes  at  l45CF, 

air  cooled. 

2.  Cold  rolled  30?^. 

3.  Stress  relieved  10  minutes  at  1550?,  air  cooled. 

4.  Cold  rolled  30?t. 

5.  Annealed  5  hours  at  1550?,  slow  cooled  5P/minute 
to  1050?,  air  cooled. 

6.  Cold  rolled  50?t. 

7.  Annealed  5  hours  at  1550?,  slow  cooled  5?/minute 
to  1050?,  air  cooled. 


Process  3A  : 


1:  #32  material  annealed  2  hours  at  1550?,  slow  cooled 
5F/minute  to  105C?,  air  cooled. 

2.  Cold  rolled  27. 5?^  (.134"  to  .O97"). 

3.  Stress  relieved  10  minutes  at  1450?,  air  cooled. 

4.  Cold  rolled  30^t  (.094"  to  .066"). 

5.  Stress  relieved  10  minutes  at  l450?,  air  cooled. 

6.  Cold  rolled  30^t  (.063"  to  .044"). 

7.  Annealed  2  hours  at  1550?,  slow  cooled  5F/minute 
to  105CP,  air  cooled. 


TABLB  X 

(Contlniied) 


Frocei^s  3B  :  1. 

2. 

3. 

4. 

5. 

6. 

7. 


Proo^sB  3C  :  1. 

2. 

3. 

4. 

5. 

6. 

T, 

Process  3B  :  1« 

2*. 

3. 

4. 

••  5, 

6. 

7. 

8. 
9. 


Process  3K  : '  1. 


2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 


#32  material  annealed  5  hours  at  155QF'>  slow  cooled 
5P/ininute  to  105QF,  air  copied. 

Cold  rolled  2S$  (.132"  to  .093"). 

Stress  relieved  10  minutes  at  l45QP,  air  cooled.. 
Cold  rolled  27it  (.091"  to  .066"). 

Stress  relieved  10  minutes  at  l450iP,  air  cooled. 
Cold  rolled  31^  (.o64"  to  .044"). 

Annealed  5  hours  at  155Cf»  slow. cooled  5P/minute 
to  IO5OP,  air  cooled. 

#32  material  annealed  2  hours  at  155QF>  slow  cooled 
5F /minute  to  105CF»  air  cooled. 

Cold  rolled  20^t  (.110"  to  .088"). 

Annealed  2  hours  at  1550IF>  slow  cooled  ^/minute 
to  1050P,  air  cooled. 

Cold  roUed  29.6^t  (.086"  to  .0^"). 

Annealed  2  hours  at  15^QP,  slow  cooled  3I'/ninute 
tp  IO5OP#  air  cooled. 

Cold  rolled  30.5^t  (.059"  to  .04l"). 

Annealed  2  hours  at  13^^ t  alow  cooled  5F/minute 
to  IO5OF,  air  cooled. 

#32  material  annealed  5  hours  at  1550F/  slow  cooled 
5F/mlnute  to  105CP,  air  cooled. 

Cold  rolled  19.1?t  (.110"  to  .089"). 

Stress  relieved  10  minutes  at  l45QF^  air  cooled. 
Cold  rolled  20. 65^  (.087"  to  .069"). 

Stress  zvlleved  10  minutes  at  l45CfF7  air  cooled. 
Cold  rolled  19.4?t  (.067"  to  .054"). 

Stress  relieved  10  minutes  at  l45QF;  air  cooled. 
Cold  rolled  19.3?t  (.052"  to  .042"). 

Annealed  5  hours  at  15^0F,  slow  cooled  5F/Binute 
to  105QF,  air  cooled. 

#32  material  solution  treated  10  minutes  at  180OF, 
air  cooled,  followed  hy  annealing  2  hours  at  1550F, 
alow  cooling  5f/mlnute  to  105QF,  air  cooling. 

Cold  rolled  19.1^t  (.110"  to  .089"). 

Stress  relieved  10  minutes  at  l45QF,  air  cooled. 
Cold  roUed  19.8?t  (.086"  to  .069"). 

Stress  relieved  10  minutes  at  l45QF,  air  cooled. 
Cold  rolled  19.4^t  (.067"  to  .054"). 

Stress  relieved  10  minutes  at  1450? ,  edr  cooled. 
Cold  rolled  19.3?6  (.052"  to  .042"). 

Annealed  2  hours  at  1550F,  slow  cooled  5P/isinute 
to  105QF,  air  cooled. 


TABLE  X 
(Continued) 


Process  3F 


Ik  material  solution  treated  10  minutes  at  18OQF, 
air  cooled,,  followed  by  aoneellng  ^  hours  at  l^^OF, 
slow  cooling  5F/mlnute  to  105QF,  air  cooling. 

2.  Cold  rolled  20.0^(  (.110”  to  .088"). 

3*  Stress  relieved  10  minutes  at  l4^QF,  air  cooled. 

4.  Cold  roUed  21.2^t  (.085"  to  .067"). 

3.  Stress  relieved  10  minutes  at  l4^QP,  air  cooled. 

6.  Cold  roUed  19.7^6  (.066”  to  .053”)* 

7<  Stress  relieved  10  minutes  at  l45QF,  air  cooled. 

8.  Cold  rolled  19.6^6  (.051"  to  .04l"). 

9.  Annealed  5  hours  at  l^^QP,  slow  cooled  /minute 
to  lO^GF,  air  cooled. 


Process  3Cr 


Process  3H 


1.  ^32  material  solution  treated  10  minutes  at  18OQF, 
air  cooled.  Annealed  ^  hours  at  l^^QP,  slow  cooled 
5F/mlnute  to  lO^QP,  edr  cooled. 

2.  Cold  roUed  30^* 

3.  Annealed  ^  hours  at  l^^OF,  slow  cooled  3iP/mlnute 
to  IO5OP,  air  cooled. 

4.  Cold  roUed  30fl. 

5.  AnneUed  5  hours  at  155QP/  slow  cooled  5F /minute 
to  IO5OP,  air  cooled. 

6.  Solution  treated  10  minutes  at  l8oaF,  air  cooled. 

7.  Cold  roUed  30?t. 

8.  Annealed  ^  hours  at  1550F,  slow  cooled  ^/minute 
to  I05CF,  air  cooled. 

1.  #32  material  annealed  ^  hours  at  1^50F, . slow  cooled 
5P/mlnute  to  105CP,  air  cooled. 

2.  Cold  roUed  21.8^  (.UO"  to  .O86”). 

3.  Annealed  5  hours  at  slow  cooled  5F/mlnute 

to  I05CP,  edr  cooled. 

4.  Cold  roUed  31.0?t  (.087"  to  .060"). 

5.  Annealed  5  hours  at  1550?,  slow  cooled  5P/minute 
to  I05CF,  air  cooled. 

6.  Cold  roUed  31.0^t  (.058"  to  .o4o"). 

7.  Annealed  5  hours  at  1550F,  slow  cooled  5F/minute 
to  IO5OF,  air  cooled; 


TABLB  X 
(Continued) . 


I^ocess  3J  : 


!•  §‘Z'2.  material  solution  treated  10  minutes  at  I8OQF, 
air  cooled.  Annealed  5  hours  ,4t  1550F>  slow  cooled 
5P/alniute  to  1050?,  air  cooled. 

2.,  Cold  rolled  30^, 

3.  Annealed  5  hojirs  at  155CF,  slow  cooled  5F /minute  to 
lO^QF,  air  copied. 

4.  Cold  rolled  30^. 

3*.  Annealed  3  hoprs  at  13^CF,  slow  cooled  3F/mlnute  to 
103<V;  air  cooled. 

6.  Cold  rolled  30^.. 

7.  Solution  treated  10  minutes  at  18OQF,  air  cooled. 

8.  Cold  rolled  30^t. 

9.  Annealed  3  hours  at  13^0F,  slow  cooled  3? /minute  to 
103QF^  air  cooled. 


Process  3K  : 


1.  ^32  material  stress  relieved  10  minutes  at  l430F, 

air  cooled. 

2..  Cold  rolled  30^6. 

3.  Stress  relieved  10  minutes  at  135CF>  sir  cooled. 

4.  Cold  rolled  30^t. 

3.  Annealed  3  hours  at  13^CfP;  slow  cooled  3F/minute 
to  103aF,  air  cooled. 

6.  Cold  rolled  30^. 

7..  Annealed  3  hours  at  13^CF/  slow  cooled  3P/mlnute 
to  103(F,  air  cooled. 
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TABLE  XXIV 


Production  Processing  Steps  on  4000  Found  T1"6a1~4v  Ingots 

1.  Double  consumable -arc  vacuum  melt  to  25"  d}.ameter. 

2.  Forge  to  42"  x  4"  x  L  slabs  by  upsetting  and  swaging.  Forging  teurperature 
for  upsetting  and  rotigh  swaging  -  205QF,  Final  forging  ten^perature  -  170C5P, 

3.  Hot  roll  to  42”  X  0,150"  X  L  coiled  hot  band  in  Crucible's  hot  strip  wdn 
from  I875P, 

4.  Stress  relieve  at  125QF, 

5*  Descale  and  pickle  in  a  continuous  strip  line, 

6,  Anneal  at  155QF»  slow  cool  SP/minute  wA.Yiimnii, 

7>  Condi  tlonir 

8,  Cold  roll  to  0»131"  thick  in  a  three-stand  four-high,  continuous  cold 
rolling  mlli.  ' 

9*'  Anneals 

lOj  Condltlok', 

11.  Cold  roll  to  0,097"  thick  in  a  three-stand  four-high  continuous  cold 
rolling  mill, 

12.  Anneal.  ' 

13.  Condition. 

14.  Cold  roll  to  0.077"  thick  in  a  three-stand  four-hi^  continuous  cold 
rolling  mill . 

15.  Anneal. 

16.  Condition, 

17.  Cold  roll  to  0.051"  thick  in  a  44”  wide  four-hi^  reversing  mill, 

18.  Final  axuieal. 

19.  Pickle. 


TABLE  XXV 


Production  Processliig  Steps  on  4000  Pound  T1-4AL-3Mo~1V  Ingots 
1.  Double  consumable -arc  vacuum  melt  to  25”  disimeter. 

2i  Forge  to  i»2"  x  4"  x  L  slabs  by  upsetting  and  swaging.  Forging  teanpei-ature 
for  upsetting  and  rovigh  svaging  -  195QF.  Final  forging  temperature  -  17OQP. 

3.  Hot  roll  to  42”  X  0.l40”  x  L  colled  hot  band  in  Crucible's  hot  strip  wtn 
from  18OQF. 

4i  Stress  relieve  at  125aF. 

5.  Descale  and  pickle  in  a  continuous  strip  line. 

6i  Anneal  at  165OF,  slow  cool  5FAiinute  maximum. 

7.  Condition. 

8.  Cold  roll  to  0,110”  thick  iri  a  three-stand  four-high  continuous  cold 
rolling  mill. 

9«  AnneeCL. 

10.  Condition. 

11.  Cold  roll  to  0,078”  thick  in  a  three-stand  four-high  continuous  cold 
rolling  mill, 

12.  Anneal. 

13.  Condition. 

14.  Cold  roll  to  0i057”  thick  in  a  44"  wide  four-high  reversing  mill; 

1^.  Anneal. 

16.  Condition. 

17.  Cold  roll  to  0.034"  thick  in  a  44"  wide  four-hl^  x*everslng  mill. 

18.  Final  euaneal. 

19.  Pickle. 


TABLE  XXVI 


Production  Procesalng  Steps  on  4000  Found  Tl-2^Al-l6v  Ingots 

1.  Double  consumable -arc  vacuum  melt  to  25"  diameter. 

2.  Forge  to  42"  x  4"  x  L  slabs  by  upsetting  and  swaging.  Forging  temperature 
for  upsetting  euid  rough  swaging  -  l80QF.  Final  forging  tamperature  -  I7OQP. 

3.  Hot  roll  to  42"  X  .136"  X  L  colled  hot  band  in  Crucible's  hot  strip  mill 
from  18OQP. 

4.  Stress  relieve  at  125CF. 

5.  Descale  and  pickle  in  a  continuous  strip  line. 

6.  Azmeal  at  l4oaF,  slow  cool  5^ /minute  maximum. 

7.  Condition. 

8.  Cold  roll  to  0.100"  thick  in  a  three-stand  foeir-Mgh  continuous  cold 
rolling  mill. 

9.  Anneal. 

10.  Condition. 

11.  Cold  roll  to  0.080"  thick  in  a  three-stand  four-hi^  continuous  cold 
rolling  mill. 

12.  Aimeal. 

13.  Condition. 

14.  Cold  roll  to  0.o45"  thick  in  a  ,^4"  wide  rejversing  Sendsimir  issDl 
(2"  diameter  w'ork  rolls).. 

15.  Anneal. 

16.  Condition. 

17.  Cold  roll  to  0.021"  thick  in  a  54"  vide  reversing  Sendzimir  mill 
(2"  diameter  work  rolls). 

18.  Final  anneal. 

19.  Pickle. 
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Atia^iytleal  Results  on  Saaplaa  Taken  Fromilhauie  Ill  Ingots  at  the  Sheet  Bar  Stage 
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Mechanical  Properties  and  Directionality  of  Phase  III  Ti-6A1“4V  (Heat  R8840)  at  the 

0.150"  Thick  Hot  Bai^  Stage 
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Figure  1 


Effect  of  finishing  tenperature  and  reduction  per  pass  on 
ultlaate  strength  directionality  of  Tl-6iU.-hV  hot  rolled 
froB  0.730**  thick  sheet  har  to  0.125**  thick  hot  hand. 
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Figure  2 


Effect  of  finishing  tenrperature  and  reduction  per  pass  on 
0.2$  yield  stren^h  directionality  of  Tl-6iAl-4v  hot  rolled 
from  0.730”  thick  sheet  har  to  0.125”  thick  hot  hand. 


m 

I 

o 

H 

H 

•H 

U 

Pi 


t 

O 

•rl 

•P 

O 

Id 

I 


■p 

CO 

•d 

H 

«> 

•H 


20 


15 


10 


5 


□  -  2yf>  per 

pass 

0  -  15?t  per 

pass 

-\x  , 

- 

" 

_ _ ! _ L 

1 

1700  1800 


Finishing  Tenperature 


°F 


1600 


1900 


Figure  3 


Grade 

Magnification 

Etchant 

Condition 

Description 


T1-6AI-4V 

150X 

2%  N  -  1%  HF 

Hot  rolled  23%  per  pass  above  beta  tranaus.  Annealed 
2  hours  at  1550F,  slow  cool  5F/mlnute  to  1060F, 

Widmanstatten  or  transformation  structure. 


600-3667 


Grade 


T1-6A1-4V 


Magnification 

Etchant 

Condition 


:  160X 

:  2%  N  -  1%  HF 

9  Hot  rolled  15%  per  pass  above  the  beta  transus.  Annealed 
2  hours  at  1550F,  slow  cool  5F/inlnute  to  1050F. 


Description 


Widmanstatten  or  transformatien  structure. 


Figure  6 


Grade 

Magnification 

Etchant 

Condition 

Description 


TI-0A1-4V 

150X 

2%  N  -  1%  HF 

Hot  rolled  23%  per  pass  through  and  then  below  the  beta 
transus.  Annealed  2  hours  at  1550F  slow  cooled  5F/zninute 
to  1050F. 

Worked  transformation  structure 


^6-3659 


Figure  6 


Grade 

Magnification 

Etchant 


Ti-6A1-4V 

150X 

2%  N  -  1%  HF 


Condition 


Description 


Hot  rolled  15%  per  pass  through  and  below  the  beta 
transvLS.  .Annealed  2  hours  at  1550F,  slow  cooled 
5F/mlnute  to  1050F. 

Ihiiform  alpha-beta  structure. 


506-3660 


Figure  9  Frooees  IK  -  Pole  Figure  for  T1-6a1-4v  Alpha  Phase 

(OlIo)  Plane 
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Figure  X7  Test  Besults  on  Solution  Trented  and  Aged  .040"  Thick  Ti-6A1-4T 
Sheet  at  600F  -  Processes  IB  and  IK 
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figure  21.  Process  IB  -  Slfect  of  Rolling  Speed  and  Roll  DlaMter 
on  T1-6A1-4V  Strip  Directionality'*' 

Rolling  speed  SO'/ulnuts 
°  Roll  diameter  4" 

Rolling  speed  SOVulnUte 
^  Roll  diameter  2|*’ 


^ _ Rolling  speed  l40Valuute 

Roll  diameter  2g" 

SO®  (Trans) 


KSI 


*  Averages  of  duplicate  specimens.  Specimens  tested  In  the 
annealed  condition  (1550F,  5  hours,  slow  cooled). 
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Figure  22.  Prdcesa  IK  -  Effect  of  Rolling  Speed  and  Roll  Dianeter 
on  Ti-6A1-4V  Strip  Directionality’^ 


_  Bolling  speed  60V«inute 

Roll  diameter  4" 

_ Rolling  speed  SOVminute 

Roll  diameter  2g" 

_ Rolling  speed  140Vnin«te 

Roll  diameter  2|” 


KSl 


♦  Averages  of  duplicate  specimens.  Specimens  tested  in  the 
annealed  condition  (1550F,  5  hours,  slow  cooled). 
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Figure  23  •  Effect  of  Strip  Tension  on  Ti<^0Al-4V  Strip 
Directionality’ 


Condition  >  Annealed  ISSOF,  5  hours, 
slow  cooled. 
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Figure  34-  Mechanical  Properties  oi  ,040'’  Ti-4Al-3Mo-lV  Strip 
Finished  with  a  50%  Cold  Reduction  (Heat  R6749) 


o  Ultimate  tensile  strength 
A  Yield  strength 


1  -  Averages  of  duplicate  specimens. 
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Each  point  is  an  average  of  two  tensile  tost  values  (see  Table 


Heat  K8918)  After  Its  First 


Each  point  Is  an  average 


Figure  39  Mechanical  Properties  of  Mill  Processed  T1-6a1-4v  Strip  (Heat  8918)  After  Its  Ihlrd  Cold 
Reduction  to  0.077"  Thick 
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Each  point  is  an  average  of  two  test  values  (see  Table  XXXIV) 
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Sadi  polat  is  an  svera^  of  two  test  tallies  (see  Teibae  ZXX\r) 
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Figure  45  Pole  Figure  for  Mill  Processed  T1-6a1-4v  Strip  Alpha  Phase 
(Heat  R6918  -  Annealed  Condition) 
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Figure  h6 


Pole  Figure  for  Mill  Processed  Ti-6Al-4v  Strip  Beta  Phase 
(Heat  R8918  -  Annealed  Condition) 
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Figure  Uj  Mechanical  Properties  of  Mill  Processed  0.800"  Thick  Ti-4Al-3Mo-lV  Sheet  Bar 
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TSloes  —  dttplleate  speelmens  from  tvo  test  locations  from 


Each  point  Is  an  average  of  two  tensile  test  values  (see  Table  XXXIX) 
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Hedianical  Properties  of  Mill  Prooesaed  TlAAl-3li!>>lY  Strip  (Heat  B8865)  After  Its  Fourth 
ColA  Beduetlaa  to  0.034t  ■Phi  A 


Figure  5^  ^»OCF  Tensile  Properties  of  Mill  Processed  T1-4a1-3Mo-1V  Strip  (Heat  B8865)  After  Its  Fourth 


Each  point  is  an  average  of  two  test  values  (see  Table  XLV). 


Figure  58  Foie  Figure  for  Mill  Processed  T1-4A1-3Mo-1V  Strip  Beta 
Phase  (Heat  R6665  -  Annealed  Condition) 
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Each  point  is  an  average  of  eight  test  values  •  duplicate  specimens  from  two  test  locations 
each  of  two  heats  (see  Table  XLVI) 
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Each  point  is  an  aTorage  of  tvo  tenalla  teat  Talnea  (see  Table  XLVii) 


All  but  four  points  are  averages  of  two  test  values  (see  Table  XLVlli) 


(see  Table  L) 


Mechanical.  Properties  of  Mill  Processed  Ti-2^-l6v  Strip  (Heat  R881*8)  After  Its 
Cold  Reduction  to  0.021"  Thi  t4c 


Each,  point  is  an  average  of  two  test  Talues  (see  Table  Ll) 
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Figure  67  60GF  Tensile  Properties  of  Mill  Processed  !n-2^Al-l6v  Strip  (B^t  B881»8)  After  Its  Fourth 
Cold  Reduction  to  0.021"  Thick 
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Each  point  is  an  average  of  two  test  values  (see  Table  LIU) 


Figure  68  80GF  Fropert^  of  Mill  Processed  Ti-2|Al-l6V  Strip  (Heat  B8&t6)  After  Its  Fourth 

Cold  Reduction  to  0.021"  Thick  ^  ^  ruiuwi 
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Eadi  point  is  an  average  of  two  test  values  (see  Table  t.ttt) 


Figure  69  Foie  Figure  for  Mill  Processed  Tl-2^>l6v  Strip  Alidia 
Phase  (Heat  r8846  •  Annealed  Condition) 
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